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PREFACE 


“Biology, like theology, has its dog- 
mas. Leaders have their disciples and 


blind followers.” 
H. F. Osporn 


“Le progrés des sciences rend inutiles 
les ouvrages qui ont le plus aidé a ce 


progrés.”’ 
ANATOLE FRANCE 


The production of papers on the biological action of tem- 
perature has increased to such an extent in the last ten years 
that monographs of earlier date can no longer be considered 
reliable. The present book is an attempt at a concise, but well 
documented summary of the facts and theories hitherto published. 
Thus it brings up to date the results collected by Kanirz and 
PRZIBRAM in their excellent monographs published in 1915 and 
1923 respectively, but it also includes a more detailed discussion 
of certain problems which have not lately been treated in a more 
general and comparative way, notable among them being the 
action of temperature upon the physical, biochemical and mor- 
phological properties of living systems, the action of frost and 
of low temperatures above zero, various aspects of the action 
of heat, the stimulatory effects of temperature variations, and 
the mechanism of thermal adjustment. Likewise in sections 
dealing with the temperature coefficients of vital functions many 
facts and views of more recent origin have been discussed. In 
general the nature of the problem made it necessary to deal not 
only with facts, but with theories as well, the latter being dis- 
cussed perhaps at greater length than is customary in other 


branches of biology. 


VI PREFACE 


The general lines laid down for this series necessitated the 
limitation of subject-matter to the cytological and physico-chemi- 
cal aspect of the action of temperature upon living systems. The 
question of the response to temperature of the organism as a 
whole has been therefore largely omitted, but a few of the more 
recent attempts at a physico-chemical interpretation have been 
discussed. Even after the subject of the monograph has been 
thus limited, the literature now at hand is so vast that it was 
found necessary to give up all idea of a complete bibliography. 
All important papers appearing up to the end of the year 1933 
have been taken into account, and numerous papers and books 
are quoted, which themselves contain exhaustive bibliographies 
on special subjects. 

Thanks are due to Professor Fr1IrEDL WEBER, Graz, Austria, 
to Mr. Stuart E. Mann, Lecturer in English at the Masaryk 
University, Brno, Czechoslovakia, for his careful linguistic 
arrangement of the text; to Messrs. BORNTRAEGER, the publishers 
of these Monographs, who made no restrictions as to the scope 
of the book, and thus went far beyond the limit usually allotted 
to such a work as this. 

The author is further indebted to the Czechoslovak Ministry 
of Public Instruction for a subsidy which enabled him to procure 
certain works which otherwise could not have been obtained in 
their original form. 


Brno, June 29, 1934 


JAN BELEHRADEK 


UNIVERSITY OF HAWAII LIBRARY 


CONTENTS 


CHAPTER I 


rENERAL PRINCIPLES OF BIOLOGICAL TEMPERATURE page 


CLONE see OR Stairs er Ce rn oe ae ec 


minmits: of biokinetie temperatures... 4... 4...) sue 
. General outline of temperature action upon living systems. . . 
. Rate of temperature changes within living systems ..... . 
. External and internal temperature. .....:..2.2.2... 
mepocine Iheatvof living;wiatter. . ... 3... we 


CHAPTER II 


ATE OF BIOLOGICAL PROCESSES AT BIOKINETIC 
TRIB RMUETS Rae BIG RM OPS DG ee cen chen chase yc sales s Dimer a ten ee 


_ Linear relation between temperature and velocity. ...... 
. Brae oo 4. -o Ul a AE SR ere eee or eee 
Einconstancy of Qi, with temperature... 3. 7 5. s.... . 
Corrected exponential formulae... . cs 3 a. «i «66s * 
PArchenius law oy =. = eee rk st bh cae RASA RC oP te oo te 
mliemperavuremcocticienty) j. selsdiee ile 9 os ek ss be ous 
mOnhiersvenpetanure tormuUlace =) -) elec el ee es 


CHAPTER III 


ARIATION OF TEMPERATURE COEFFICIENTS WITH 
EXTERNAL AND INTERNAL FACTORS........ 


Genera laremaikcue smth tin (puacaie ue ohnet hey evstel sop s)miss + asm, sure 
KeCHNOn varying) water cOMbent . 6 0. 6 «0. 26. 6 + wis 
iees Gr COMOWUES <A 6 Gero de o go 6 moose o Bx 
DitecieoL mareouess. 2 = . = ee neg a Sea ns 
itectmobsotheresupstanceg: 4. sa wk  oock bos) ele en ee 
THEeE OF vere) Opioeesmms slag bg d © o au Bd 6 oc 
Effect of concentration of the reactants ..........-> 


oF WN & 


Vill CONTENTS 


. Bffect, ofiligbt | < 2a) -ncrse reais beware eigen eee ms 
«. Mechanical .etfectsin yma en tomers eileen eee a ee 
. Seasonal variations . . .. - + + 6 + 2 ee et ee ee 
. Age differences ..... =. lcm rary Yee Mao} 

“Sexual *differencessen +. . 2.) carte ee aes eae ec ae 

. "Regional differences #55 4-0) BaP xe ele fe ee ee 
. Special case of mitosis “4%. <5. a5.53 ss) a, Ww) 
15. 
16. 


Hffect ofsthermal: aca pea tiOn » ere aw Gls) eee eens 
Effect of amyury, “c9..-6 & eles Cen ee ee en 


CHAPTER IV 


THEORIES OF TEMPERATURE COEFFICIENTS. ...... 


. Introductory and historical remarks ......... aes 
. Action of temperature upon “‘catenary series of processes . . 
. Classification of biological processes into ““physical’’ and ““chemical** 
. Identification of vital processes and of their biochemical basis . 


Photochemical reactions) m biology... =.=) eae 


. SKRABAL’S hypothesis . ... . at ag veal, wee ye 
. Possible réle of diffusion and of iseceiey ee han hs 
. Time-factor in the action of temperature upon the viscosity a 


upon the rate of biological processes . . . 


. Temperature coefficients as indicators of eather vinoresiy 


CHAPTER V 


CHEMICAL PROPERTIES OF LIVING SYSTEMS AT 


AAD FP WP Fe 


Cc oO 


BIOKINETIC TEMPERAD URES isn 0) lien: ieee 


. Action of temperature on chemical equilibria 

? Water content.) | 200s 0. eerie ee Ne ert 
. Constitution of fats aed phosphates 

. Enzyme content. 

. Pigments | 275. 

. Electrolyte each : 

. Apparent equilibria in retepate processes . 
. Apparent equilibria in other vital activities . . . ‘ 
. Apparent equilibria in the action of substances on lines systems 


CHAPTER VI 


VARIATIONS OF MORPHOLOGICAL EQUILIBRIA AT 


mBwn 


BIOKINETIC TEMPERATURES . . 


. Size of cells and of their constituents. .. . 


Body size in higher organisms . 


. Size and number of organs in Hiphers organisms . . . 
. Sexuality and sex determination . ...... 


Size of populations 


10] 
102 


CONTENTS 


CHAPTER VII 

PHYSICAL PROPERTIES OF LIVING SYSTEMS AT 

BIOKINETIC TEMPERATURES ......... 
BErovoplasmie Viscosity... ck a eee we ee 
. Adhesiveness of protoplaam ...... . 
. Elasticity and other mechanical properties . 2... ... ~~. 
UeMoie TOSINEANGO™ ek 
REmpeEsDOUrie DOLGNHAIG) = Se AS Sel A kek ee 
eKleetric conductivity . .......... Se DAA aS 


ao om WD = 


CHAPTER VITI 
MREHZING AND FROST RESISTANCE ........... 
p> HWreezing and supercooling . +. ...... oe he eee 
PeHAcloUs tavOULINE SUpercooling 2. . cle. su. 8 mi Sos ee 
PEInIariToS mar TEORU-ECSISEANGOi) Ys. cles re et Sous Sve wal Bees 
Hypothetical causes of death by freezing .......... 
= hanges produced by frost in the cell. . 2. 2... 1 we 
malume-tachorpin. the. etfects of frosts «4.2... + 2 6 6 so 
- Internal factors in the effects of frost. ........2... 


eo SC Oo 


CHAPTER IX 
CHILLING, CHILL-COMA AND DEATH BY CHILLING 


mGenceral sand shiscorical remarks!) 9 9. 
. Biological zero of various vital activities 

me Weath byachilling wees: Gey sea se ss : 

. Cellular changes accompanying chilling ........... 
. Time-factor in the phenomena of chilling . 

. Internal factors in the effects of chilling ..... ; 

. Effects of chillmg combined with external factors . . 

. Hypothetical causes of chilling. ........- 


SaAID oO WD 


CHAPTER X 
INJURY BY HEAT AND HEAT RESISTANCE . 
. Meaning of the terms optimum and maximum 
. Maxima 
. Heat coma . 
. Time-factor in the action en heat. 
. Temperature coefficient of heat action 
. Structural changes induced by heat 
Changes in protoplasmic viscosity 
. Changes in permeability . . 
. Chemical changes . Foe 
. Changes in bioelectric potentials 
. Sequence of changes produced by heat . 


CHOIBAP wD 


— — 
— © 


CONTENTS 


. Reversibility of the heat injury ....... 
. Non-specific nature of heat injury ra 
. Effect of heat combined with other agents 

. Internal factors modifying the effect of heat 
. Theories of injury by heat 

a thermal adaptation: Ww wa). o anaes 


CHAPTER XI 


STIMULATIVE EFFECTS OF TEMPERATURE 


. General a 

. Protoplasmic streaming 

. Other motor functions. . . 
ep NerviousesyStemline. ts echst <u mia, et ee mee 
. Thermotropism . . ah? 

. Stimulation of ineabenens eek 

. Bioelectric currents .... . 

. Thermic parthenogenesis. . . . , 

. Activation of other vopmoduatoray processes. 
. Theories of stimulative effects of temperature . 


BIBLIOGRAPHY AND AUTHOR INDEX. 


SUBJECT INDEX... . 


CHAPTER I 


GENERAL PRINCIPLES OF BIOLOGICAL 
TEMPERATURE ACTION 


1. Limits of biokinetic temperatures 


Temperatures at which life processes normally occur and 
which we shall call, as proposed by Kanirz (1925), biokinetic 
temperatures, occupy a narrow zone at the lower end of the 
temperature scale (fig. 1). Even in those organisms which are 
specially adapted to extreme temperatures, the limits are still 
relatively narrow (—273—+ 150°). 

The question arises why this should be so. 


A more detailed inquiry into the relations between 
temperature and integration of matter enables us to gain 
some insight into the problem. The general temperature 
scale, limited at its Jower end by absolute zero, has 
also a theoretical upper limit which has been recently 
calculated by Pokrowsk1 (1928) in two different ways 
thus: 

P'maz = 3.10" (I) 


that is three billion degrees. At this temperature the 
density of energy in particles of matter would become 
equal to the density of energy in the surrounding space, 
which practically means that matter necessarily would 
cease to exist as such, 7.¢. in the form of material 
particles. At a somewhat lower temperature matter 
can exist only in the form of free electrons and atomic 


Fig. 1. Lower end of the absolute temperature scale, 
up to 4000°. 


C = melting point of carbon, Pf = m.p. of platinum, Al = m.p. 
of aluminium. — Black space: biokinetic temperature zone. 
Dotted space: temperature interval supported by dry protoplasm. 
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~ nuclei. On further cooling free atoms and ions are constituted. 
EppIneron (1927) estimates that at a temperature of about 
40,000,000°, which he calculates to exist in the interior of the 
sun, free atoms are present together with free electrons and with 
mutilated atomic nuclei. At lower temperatures atoms may 
combine into molecules, and when the temperature descends to 
a still lower level, 7. e. when it approaches absolute zero, large 
molecules and colloidal particles may be formed. 


The nature of matter in general is to form more and more 
complex entities as the temperature falls. Living matter is no 
exception to this rule. If it may be supposed that the general 
structural forces are the same in the inorganic and organic world 
(W. J. Scumrpt 1924), it may be said that life is restricted to the 
lower end of the temperature scale because of its high chemical 
complexity. 


2. General outline of temperature action upon living 
systems 

Although there are many important differences among 
organisms and in different parts of one and the same organism 
as to the range of biokinetic temperatures, sensitivity to high 
and low temperatures and to the alterations induced by tem- 
perature variations, a general scheme of biological temperature 
action may be roughly outlined. 


(a) Rate of biological processes generally increases on heat- 
ing and decreases on cooling within the limits of the biokinetic 
temperatures. The degree of this change is described in terms of 
temperature coefficients. 


(6) Temperature variations within the biokinetic zone produce 
changes in chemical, physical and morphological properties of 
organisms and of their parts. 

(c) When the lower limit of the biokinetic range is reached, 
biological reactions are arrested. So long as the exposure is not 
too long, the process is reversed on heating. This phenomenon, 
generally called chilling (chill coma), may occur at temperatures 


above or below 0°C, according to the specific sensitiveness of 
the system. 


(d) When the temperature of a living system decreases below 
its freezing point, the system freezes and ice is formed. This 
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phenomenon is in many instances preceded by a state of super- 
cooling. When ice is once formed, the system may or may not 
recover on subsequent heating. 

(e) When the upper biokinetic limit (“optimum”) is passed, 
the velocity of biological reactions decreases to a complete stop, 
a phenomenon which is generally reversed on cooling. On further 
heating or at longer exposures an irreversible disintegration of 
protoplasm takes place. 

(f) When temperature is suddenly raised or lowered within 
the biokinetic limits or slightly outside them, living systems are 
stimulated. 

(g) There is a great variation in the susceptibility of different 
organisms, and in the extent to which they change according to 
principles enumerated in (a)—(f). Age, adaptation and other 
internal factors, as well as many external factors, are the causes 
of this variation. 

(h) Many organisms tend to become more or less completely 
independent of external temperature variation by virtue of 
various regulating mechanisms, namely heat production, heat 
economy, heat liberation, evaporation, etc. 

In this monograph, only the topics enumerated under (a)— 
(g) are discussed. Regulating processes are largely omitted here 
because of their rather remote relation to the biology of living 
matter. 


3. Rate of temperature changes within living systems 


When a body A whose temperature is 7", is put into a medium 
whose constant temperature is 7’,,, the temperature equilibrium 
will be established in time accord- 
ing to the law of Newton: 

o=—a-e% (IT) Se 
where # is the difference of tem- 
peratures reached in the time f, 47 
aand b being constants. P. JENSEN 


280 


Fig. 2. Newrton’s law tested on muscle 


(JENSEN 1913). Abscissa: time of ex- i 
posure. Ordinate: log of temperature 47 
difference “Oo eats muscle and aetee ; ; 7 aah 
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(1913) tested the rule on muscle tissue and found that the law 
holds good down to the freezing point of muscle. When the law 
holds good, the logarithm of @ plotted against time gives a 
straight line. Fig. 2 is a graphical representation of an experi- 
ment in which the temperature of a muscle cooled gradually in 
a bath, was measured thermoelectrically. 

In general the thermal conductivity of living matter is low. 
In watery tissues it approaches that of water, yet it may decrease 
to one third of this value in fatty tissue (BREUER 1924). 


Table I 
| Thermal conductivity 

Canetavia | 

Substance (cal/em sec. °C) 
Copper FeNaw ses Nam ps fe ee ee 0.9 
IW aterc eel ste af cil< wetness one 0.0014 
Muscleac cic. \ te SS gto ee ee ee \ 0.001 
Ha thy stisstie;w trie spree ac oto a tate eee 0.0003 
WO OC RS iin. cp loesds) CaMMNe oe og Me cer ae ge es Beer 0.0001—0.0008 
WOO lias s.cb pc mabe, Mite ae uke wReie, ate poae eee : 0.00009 


Structurally polarised bodies, e.g. crystals, show different 
values in different planes. As far as thermal conductivity of 
living matter has been studied, no such differences can be detected 
(in muscle, BREUER 1924). 


4. External and internal temperature 


Owing to their low thermic conductivity, living systems 
establish temperature equilibria relatively slowly when placed at 
a new constant temperature, It is a common practice in biological 
work to consider the internal temperature of the (poikilotherm) 
organism under investigation as identical with the surrounding 
temperature, when a definite time has been allowed for the equi- 
ibrum. Yet this is not always so, and important differences 
between internal and external temperatures may arise when the 
organism is heated by absorption of light or any other form of 
radiation, or by its physiological activity, or when it is cooled 
by evaporation. 

Living organisms are heated by incident rays when the 
amount of heat into which the radiant energy absorbed per unit 
of time is finally transformed is great compared with the amount 
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of heat which can escape from the body. Various pigments may 
increase the heat effect of radiations, as for instance the red 
pigments in plants. A.M. Smrra (1907) reported that leaves 
with red pigments are, at a given external temperature, 2—4° 
warmer than analogous leaves without such pigments (compare 
further FrrrzscHE 1933, SEYBOLD and BRAMBRING 1933). SoNNE 
(1920) estimates that in human skin the temperature may attain 
48° during exposure to sunlight owing to the high absorption 
power of haemoglobin. 

As to the excess of body temperature over the external 
temperature in poikilotherms during muscular and other activity, 
numerous examples are found in LEFEVRE’s (1911) monograph. 
The excess may amount to one or more degrees not only in large 
animals, but also in small ones. (See also SEMPER 1880, TIGER- 
STEDT 1910—1914.) 

On the other hand, organisms may cool themselves by eva- 
poration. This is a common phenomenon in plants, but has been 
reported as well for animals. (See especially for insects: NECHELES 
1924, Buxton 1924, 1931, SayviEe 1928 a, 6b; for reptiles and 
amphibians: Hatt and Root 1930.) Nec ss finds that in the 
cockroach the body temperature follows external temperature 
varia-ions only between 13—23°, while at temperatures above 
and below this range regulating processes partly counterbalance 
the external effects (see further Gunn 1935, KozHANTSCHIKOV 
1933). 

5. Specific heat of living matter 

In animal calorimetry the specific heat (number of calories 
necessary to raise the temperature of 1 g of a body 1°C) of living 
bodies is generally estimated as equal to 0.80—0.83 (Mares 1892, 
C. J. Martry 1903). RosentHat (1878) obtained the following 
figures by direct measurements: 


Table II 
Substance Specific heat 
Blood (defibrinated)... . . . Ca gk oee | 0.927 
SiGe TUBER. « 0 6 Bo 6 obo geo 8 0.825 
GRATE STE tte SS re renee a 0.712 
BORG, COMYNUE: 5 oo 6 «1 5 6 0,098 0.300 
0.710 


Bone, spongy . 
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The same author showed that in dried muscle the value drops 
to 0,330 and suggested that the specific heat of tissues is related 
to their water content. Yet according to more recent investi- 
gations of BALAKIREW 
(1929) such generalization 
is not admissible, because 
thespecific heat of a living 
system is not an average 
of specific heats of its 
chemical constituents, but 
depends also on the phy- 
sical state of the system. 


MGeeah soeulie heel eae aes BALAKIREW demon- 

ig. 3. Specific heat (ordinate) of human 

brain tissue in function with age (abscissa) strated further that the 
(BALAKIREW 1929). specific heat of the cen- 


tral nervous system varies 
with the animal species, with the region of the organ, with age, 
and with the time elapsed since death. In man the values vary 
with age as follows (see also fig. 3): 


$00 
cal. 


790 


780) 


770 


760 


fi 10 = 20 30 40 50 years 60 


Table LI 
es | Specific heat of brain 

tissue 
Moots. (Sima onths\ essa s eee ane 0.798 
Newborn... <0". 05 ++ oe ie yee ee | 0.774 
IS SVOATS | aces a en ee oe ate | 0.772 
Aa 4s) a te ea at: coe nc ee Pepe 0.769 
865 2. a. ee | 0.768 


CHAPTER IT 


RATE OF BIOLOGICAL PROCESSES AT 
BIOKINETIC TEMPERATURES 


1. General remarks 


It has long been known that temperature affects the rate 
of processes in living organisms to a relatively high degree. The 
first attempts of biologists at a mathematical representation of 
this phenomenon may be traced back far into the past, long 
before chemists proposed to apply to living nature those chemical 
laws which govern the rate of processes in the inanimate world. 
The purpose of such attempts is to compare living systems with 
each other or with inanimate systems in the hope of gaining 
material for theoretical speculation as to the mechanism and 
nature of biological processes. This plan involves a double task, 
i. €. a Study of the temperature coefficients of biological processes, 
and their theoretical explanation. In the present chapter the 
various temperature formulae applied in biology will be discussed 
with a view to obtain temperature coefficients for a legitimate 
comparison. The theoretical views which have been developed 
of late with regard to the meaning of temperature coefficients 
in biology, will be discussed in Chapter IV. 

When dealing with temperature formulae in biology it is 
necessary to keep in mind that biological phenomena often are 
of such a complex character that equations which have proved 
correct in physics and chemistry, do not fit in closely enough 
with biological experimental data. Furthermore it cannot be 
sxpected that a single temperature formula could embrace all 
the variety of biological processes (BELEHRADEK 1930a, D. E.S. 
BROWN 1930a). Many secondary factors which themselves vary 
with temperature may disturb the primary effect of temperature 
solubility of gases and of other substances ; formation of additive 
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compounds at lower temperatures ; crystallisation ; etc.) so that 
in some cases the effect of temperature appears to be so irregular 
that there is no possibility at all of applying any simple equation 
(Prfron 1922, Manaotp 1926, PonprER and YEAGER 1930). 
These difficulties are increased further in cases where regulative, 
compensatory and adaptive processes cannot safely be excluded. 

All temperature formulae in biology therefore are of a merely 
descriptive value and their use even in this restricted sense is 
necessarily limited by the above mentioned obstacles. All the 
more caution is necessary, therefore, in explaining the theoretical 
basis of temperature coefficients in biology (Chapter IV). In spite 
of the numerous temperature formulae used hitherto in biology 
there is none which can be said to hold good within reasonable 
limits in every case, neither is there a rational temperature formula 
in biology. Even those formulae which are rational in chemistry, 
are merely empirical in biology (see BELEHRADEK 1930a). In 
the following paragraphs and chapters the term “temperature 
coefficient’’ will be used generally to denote any constant which 
means the degree of acceleration when temperature is raised a 
definite number of degrees. In special cases however use will be 
made of particular temperature coefficients which will always 
be denoted by their usual symbols (Qo, “, 6, ete.). 


2. Rule of thermal summation 


The earliest attempt at a mathematical treatment of the 
relation between the temperature and the rate of biological 
processes was made by REAUMUR, two centuries ago. RBAUMUR 
(1735) showed that the moment of ripening of fruits depends 
on the sum of average daily temperatures during the vegetation 
period. Also P. ADANSON (quoted in A. P. DE CANDOLLE 1833) 
supposed that the moment at which plant buds develop into 
leaves may be calculated on the same basis. The idea of thermal 
summation, which is represented by the following formula: 


in which y = time, ¢ = temperature, K = constant, was deve- 
loped further chiefly by Boussrneautr (1844, 1851) and by 


BuRCKHARDT (1860), while A. P. pE CANDOLLE (1833—1835), 


A. DE CANDOLLE (1855, 1865, 1875) and Sacus (1860a) criticized 
its use. 


RATE OF BIOLOGICAL PROCESSES ) 


Some botanists suggested that the rule fits closer to the 
bservations when temperature is reckoned from the minimum 
emperature instead of from 0°C. If the minimum or threshold 
emperature (@) is introduced into the estimate, the formula 
ecomes : y(t—a) sk (IV) 
his correction was used by BurckHarpT (1860), A. DE Can- 
OLLE (1865), V. OETTINGEN (1879) and by other botanists. 

Also in entomology the rule of thermal summation has 
ound and still is finding a wide application, the threshold 
emperature being usually taken into account (see especially: 
TENNINGS 1907, SANDERSON 1908, 1910, Prerce 1916, BuuncK 
924, BopINE 1925, BODENHEIMER 1927, 1928, 1930, BoDENHEIMER 
nd Kier 1930, SHELFORD 1927, 1929, 1930, HELLER 1928, 
uDW1G 19286). In modern botany the formula is not used very 
ften (STEVENS 19176, FicurovsKy 1930). 

Some authors have tried with some success to apply the 
ule also to the rate of development in fishes (RErBIscH 1902, 
LAEMPEL 1913). 


. Linear relation between temperature and velocity 


Many authors have claimed that the relation between tem- 
erature and the velocity of biological processes is linear. 
1. N. Harvey (1911) found this 


: 15 

o be the case in the nervous = 
. e > 
onduction of the medusa Cassi- = 
750" 


pea xamachana, KNOWLTON and 
TARLING (1912) in heart fre- 
uency in mammals, GANTER 
1912) in nervous conduction in 
he frog, and A.G. Maver (1914) 
1 pulsation frequency of the 
1edusa Aurelia aurita (fig. 4). 
‘RoGH (19144, 6) laid special 7 
tress on the possibility that at tS de 08 ae OE eB) Fea OTP MOP 


; i i Fig.4. Linear relation between 
. TOCeSSeS : 
pam core biological pro temperature (abscissa) and pulsa- 


he rate increases proportionally = yon frequency (ordinate) in a 
ith temperature, and gave some medusa (A. G. Mayer 1914). 
xamples of this. More recently 
has been found by different investigators that the same relation 
olds good in various vital phenomena (heart: Hst’ and 


a 
s 
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Waxpaum 1923, Barcrorr and IzqureRpo 1931, N. B. TAYLOR 
1931; photosynthesis: YaBusor 1924; growth in Ankylostomum: 
McCoy 1930; respiration in the bee: Brrrs 1929a; oxygen con- 
sumption in homoiotherm tissue: ScuMuTZLER 1930; locomotion 
in the leech: HurrEeR 1928). A general discussion of the formula 
is to be found in: SNypER (1913a, 6), Kanirz (1915), Bayutss 
(1918), Janiscu (1925, 1930), PirrEeR (1927), BELEHRADEK (1929, 
19304). 

In its mathematical form the relation may be written: 

eo k-t (V) 
w being the velocity, t the temperature and k& the constant. 

It is evident that the rule of thermal summation, analysed 
in the preceding section, and the linear relation between 
velocity and temperature may be reduced to a single expression, 

in as much as velocity (v) is the reci- 


procal of time (y): 
7 = al (VI) 
y 
If we put 
i= : Vil 
. re ( ) 
the formula becomes: 
yea (VITh) 


Fig. 5. Rectangular hyper- 
bola and her reciprocal, 
straight line. Abscissa 
= temperature. Whentime 
is plotted as ordinate, the 
result is a hyperbola. 
When the ordinate is 
velocity, the straight line 
results. 


This equation is identical with that ex- 
pressing the rule of thermal sums (III). 
In graphic representation this rule gives 
a rectangular hyperbola, which is the 
reciprocal curve of the straight line, 
assumed by the rule of linear relation 


(fig. 5). 
4. Qi, rule 


The rule of Qi, commonly used in biology, may be derived 


from a formula which was proposed by BERTHELOT (1862) as a 
first approximation for the rate of some chemical processes as 
a function of temperature: 

KSA ae (IX) 
where K, is the reaction velocity at the temperature ¢,, A and B 
constants of the equation. The relation between temperature 
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nd velocity thus appears as exponential. The same formula 
ay also be written: 
log Ki, =a+ bt, (X) 

hen we put log A =a and log B = b. From this modification it 
evident that the velocity should increase in geometrical pro- 
ression when temperature rises arithmetically. In graphical 
presentation the logarithm of velocity plotted against tem- 
erature should yield a straight line. 

As BERTHELOT’s formula holds good only for narrow tempera- 
ie intervals, vAN’T Horr (1884) has proposed a new equation, 
ow generally called the van’T Horr-ARRHENIUS law or ARRHENIUS 
w, which will be discussed in IT. 7. By a simplification, permis- 
ble for temperatures not too far apart, this law takes the form 
' BERTHELOT’s equation (IX, X). Thus simplified the van’r 
OFF’s law may be expressed as follows: When the temperature 
ses 10°, the velocity of most chemical processes increases two 
. three times. Hence the commonly known relation: 

Ky +10 
K; 
, in still another form which permits of calculating Q,, for any 
mperature difference: 


yi be 25 et (XI) 


10 
Qi = (72) bats mee 
Ky 
| practice this equation is used in logarithmic transcription: 
log Qyp = 10 (log K,—log K,)/t,—1t2 (XIID) 


This method of mathematical treatment of the velocity of 
vction in function with temperature was introduced into biology 
- chemists, and the beginning of the biological problem of 
actually may be found in chemical literature. In van’T 
oFF’s lectures on physical chemistry (vAN’T Horr and CoHEN 
96), CLAUSEN’s results on plant respiration are analysed and 
is stated to be equal to 2,5. Another mention of the Qyo 
biological processes appeared a few years later in COHEN’s 
ok (1901), where among other data those of O. Hertwic on 
» velocity of tadpole development are recalculated and values 
Q,) given. Also in the following years the biological question 
Qo still remained in the hands of chemists. In 1903 ABERSON 
culated the Q,) of the velocity of alcoholic fermentation and 
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the 1905 volume of the Zeitschrift fiir Elektrochemie contained 
several papers dealing with biological reactions in relation to 
temperature (ABEGG, COHEN, Hurzoa). In all of them it was. 
stated that the Q,, for biological processes lies between 2 and 3, 
as in the majority of chemical reactions. 

The first biologist who used this method was THUNBERG (1904) 
who found that Q,, of the respiration velocity of frog’s muscle 
is about 2. But the chief advance was made by Kanirz, whose 
first paper on the subject (1905) appeared in connection with the 
above mentioned notes of certain chemists. From this moment 
onwards the number of biologists and of papers dealing with the 
question rapidly increased. BLackmaNn (1905), PEreR (1905), 
J. Loes (1905), SNypER (1905) were among the protagonists of 
the new views. 

It is noteworthy that some investigators, biologists and 
chemists, emphasized from the beginning the complex character 
of biological reactions and of living systems as compared with 
the relative simplicity of the inorganic systems (O. HERTW1G 1898, 
E. Cowen 1901), but biologists have readily neglected this im- 
portant feature of protoplasm and of protoplasmic activity. 

Practically all the results which have been obtained in this 
field of investigation during the first quarter of this century 
have been summarised by Ptrrer (1914, 1927), Kanrrz (1915, 
1925), Matissz (1919) and PrziBram (1923). In brief it may be 
said that the Q,) of the rate of biological processes lies in many 
cases between 2 and 3, in so far as temperatures not too close to 
nor too distant from the optimum are concerned. Also many bio- 
logical reactions are known in which Q,, is much lower than 2. 
Generally at low temperatures the Q,, rapidly increases in value. 
This phenomenon of variation of Qj) value and its probable 
causes are discussed in the following paragraph. 


5. Inconstancy of Q,y with temperature 


It could not escape the attention of biologists at the beginning 
of this line of investigation that for one and the same process the 
value of Qj» varies with temperature (SNYDER 1905). Originally 
these variations were attributed to imperfections of experimental 
technique. Therefore RopERTson (1906), SNYDER (1907), J. LouE 
(1908), and others simply took the average of all values observed 
at different temperatures, and found that it lay between 2 and 3 
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et it soon became obvious that the inconstancy of Q,) with 
mperature was not accidental but was systematic, and that 
10 generally increases in value in a progressive and regular way 
the temperature decreases. In many cases the Qi) became 
en greater than 10 at low temperatures, when the same process 
ve Qi = 2 or even less at the higher ones. It is now generally 
cognised that systematic variations of Qj) with temperature 
e a constant and general feature of biological temperature 
tion. FAURE-FREMIET (1925) gives a graph demonstrating 
e regularity with which Q,, varies with temperature. It is 
ly in a few experiments which Ptrrmr (1914) called ,,Parade- 
rsuche™ that the Qj, of a biological process remains unchanged 
er a wide range of temperature (see also NicLoux 19316, c). Such 
mstancy is often, but not always, met with in those phenomena 
hose temperature coefficient is relatively low (many cases of 
cygen consumption), or in cells rich in water (FAURE-FREMIET ~ 
125). In a few other cases Q,) was found on the contrary to decrease 
_ value when temperature was lowered (see EpHRussr 1929). 
The inconstancy of Q,) with temperature is usually explained 
five different ways: 


(a) Qy9 varies with temperature even in inorganic reactions, 
was already known to van’Tt Horr, who explained the pheno- 
enon by the variations in viscosity of the solvent with tem- 
rature. Many biologists think that the variations of Qj, in 
ology have the same cause and that Q,) must vary with tem- 
rature in both living and nonliving systems (Kanirz 1907, 
NYDER 1909, 19lla, 1931, Rogers 1911, Conen Stvarr 1911, 
UTGERS 1911). With regard to the claims which are still main- 
ined, namely that Q,) must behave in this manner, it is advi- 
ble to compare the degree of discrepancy in living and non- 
ying systems (Table IV, p. 14). 

It is evident that these variations are of less than 10 % in the 
se of inorganic reaction, but that they are greater than 100% 
even 200% in enzymatic reactions and in biological processes. 

Some authors supposed that the sinking of Q,) with increas- 
¢ temperature is due to the interference with reaction equilibria 
‘ANITZ 1907a, DEMoLL and Strout 1909), or to the solubility 
liberation of molecules (KanitTz 1907a, Lops and WasTENEYS 
11, Przipram 1923), or to secondary factors in general 
IIcLOUX 1931c). 


yi 
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Table IV 
eeeeeeeeeeeoeooeoEoEoEoeaEeEeeeEEEeEeEeEeEeElElE)El)ElE)lIEIl)Ul™l]l]l™l]l]llll]EE. ee 
a a Qo sz 
ee Z Proto- 
| Reaction co Ny) CO, Sg Fre- #9 ss 
Interval || petween Activity | Activity | duction quency plasmic 
H.O of liver | of a malt | in seed- Bf aa streaming 
ci 2 HJ) lipase?). amylase?) lings of heart5) in Vallis: 
4 6 
| peat) . | neria®) 
| | 
0—10° 2.080 150 | 3.2 | 3.0 — > 4.0 
10—20° || - 2.078 1.36 po Ro |e IE: 5.40 2.3 
20—30° 1.940 1.26 2.0 1.8 2.15 1.6 
30—40° 1.932 _ 1.5 1.4 1.84 1.3 
40—45° 1.920 — — — 1.35 — 


(6) TammMaANN (1895) and Ductavx (1898—99) showed that 
the rate of enzymatic reactions increases on heating up to a cer- 
tain optimum and then decreases, the enzyme being destroyed 
at high temperatures. BuackMAN (1905) applied this principle 
to living matter and explained the inconstancy of Qj, with tem- 
perature on the assumption that the activity of living substance 
is slowly destroyed even at temperatures approaching the op- 
timum. In reality the experiments of MarrHagr (1905) demon- 
strated that the velocity of plant assimilation steadily decreases 
with time at temperatures lying close to the optimum. BLAckK- 
MAN’s view, shared chiefly by PUrrER (1914, 1927), however, was 
criticized by Kanirz (1915). The chief objection made by this 
author is that the decrease of activity with time could only be 
experimentally demonstrated at 25° and higher, whereas Qo 
decreases in value from the lowest temperatures (—5°) onwards. 


(c) Kanrrz (1915) suggested that Q,) must necessarily deyi- 
ate at and near temperatures which represent the limits of life 
and which thus act differently from temperatures which are 
“normal”, According to Kanrrz the beginning of enzymatic 
activity at low temperatures is connected with a high Qj, as is 


*) Calculated from Harcourt and Esson (1867). 

=) KAsTLeE and LomnwEenHART (1900). 
) ErRnstrom (1922). 

) KursPrer (1910). 

) LANGENDORFF (1897), 

) 


VELTEN (1876). 


4 


6 
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so its destruction by high temperatures. There are however 
vo questionable points in this explanation, 7. e. that the two 
xtreme temperatures arrest the enzyme action by two quite 
ifferent mechanisms, the arrest being reversible in the one case 
ad irreversible in the other, and secondly the variations of Qy, 
ith temperature are evident not only at or near the temperature 
mits, but at all biokinetic temperatures as well. 


(d) The varying value of Q,, at different temperatures has 
d some biologists to suppose that every biological process is 
ased upon a “‘catenary series” of chemical and physical processes, 
ich of which has its own temperature coefficient and becomes 
1e “‘limiting factor” (BLackmMaN 1905) or “master process” of 
1e whole at a definite temperature. This explanation, known as 
1e BLACKMAN-PUTTER principle, has not been demonstrated in 
ct. On the contrary, the progressive and regular decrease of 
49 With increasing temperature makes such an explanation 
oubtful. — There will be more occasion to discuss this view in 
hapter IV (2, 4). 

(e) The most generally accepted view to-day as to the in- 
mstancy of Q,) with temperature is that the rule of van’r Horr 
9es not apply to the majority of biological reactions. W. M. Bay- 
iss (1918) remarks that a temperature constant, which varies 
ith one of the variables, is no true constant, and this applies 
the Q,, in the highest possible degree. The number of investi- 
ytors who arrived at this conclusion is so great that only some 
> them may be mentioned: Finon (1911), Kroeu (1914a, 6), 
TARBURG (1919), Faur#-FRemiET (1924, 1925), Pantin (1924), 
UCCIANTE (1927a), SHELFORD (1927, 1929). Some other names 
1d other objections to the general use of Qj) in biology may 
> found in the papers of BELEHRADEK (1926d, 1928, 1930a). 


6. Corrected exponential formulae 


In addition to the corrected exponential formula, which 
as applied by STEPHENS and Barrow (see KrarKa 1921), in 
e special case of developmental velocity in Drosophila, JANISCH 
925, 1928) has proposed a more generalized modification of the 
wN’t) Horr’s rule which would also embrace temperatures 
yond the optimum: 

y = (a* +a-*) (XIV) 
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y being time, m time at the optimum, x temperature in °C and 
aa constant. 


But it is doubtful whether there is any advantage in com- 
bining two different processes, i.e. temperature action on the 
velocity and on the destruction of protoplasm by heat, in a unique 
quantitative law: As pointed out by BopENuEIMER (1926), 
Martini (1928), BELEHRADEK (1929, 1930), ANDERSEN (19296, 
1930) and Maas (1933), the formula does not correspond to 
reality with sufficient accuracy and has been tested in too small 
a number of instances to allow of generalization. Besides, J ANISCH 
seems to neglect the fact that the velocity above optimum is not 
constant but varies in time. The constants of his formula therefore 
would necessarily vary with time of exposure. He further supposes 
that protoplasmic destruction takes place even at low tem- 
peratures, which has not been demonstrated (II. 5, 6 — see 
further in IT. 8). 


7. Arrhenius law 


We have seen (II. 4) that the Q,,) rule is a simplification, 
allowed only for small temperature intervals, of a more complex 
and more accurate law, first proposed by van’T Horr (1884), 
theoretically elaborated by ARRHENIUS (see Kanitz 1915) and 
now generally used in chemistry (for its history, see especially 
GLASER 1924). This law is expressed by the following equation: 


w#f/l 2 
Et 


ne Ke (XV) 


in which kK, and Ky, are two velocities at two temperatures 7’; 
and 7’, respectively, the temperature being taken in degrees of 
the absolute scale, e is the base of natural logarithms and yu 
a constant, called “thermal increment’ or “temperature charac- 
teristic’, which has the meaning of a temperature coefficient. 
The simplest way of calculating yp is: 
1 1 
- = 4,6 (log K, — log K;,) | eee ik (XVI) 
1 2 
This formula seems to hold good in chemical processes with 
more accuracy than the Q,) rule (Matisse 1919), though there 
are some instances in which yw is not quite constant. 


RATE OF BIOLOGICAL PROCESSES 17 


The value of uw is supposed to denote the “heat of activat- 
n”’ of the process, 7. e. the number of calories which are necessary 
. transform one gram equivalent of inactive molecules of the 
acting substance into active ones. A more detailed discussion 
_ the meaning of this formula may be found in Rice 
924). 

This law was introduced into biology with the view to obtain 
ore comparable results than those yielded by the Q,, rule. 
s first application seems to have been made by ABERSON (1903) 
} alcoholic fermentation, by SNypER (1905) to the heart beat 
the terrapin, by MApsEN and Nyman (1906) to the killing of 
.cterial spores by’ HgCl,, by SNYDER (1907a) to the rate of 
mduction in nerves, by RoBERTSON (1908) to the respiratory 
ovements in frog, by ARRHENIUS (1908, 1915) to certain sero- 
gical reactions and some other biological phenomena. Of late 
e formula has been applied anew in the work of Matissx (1919, 
21), but chiefly in that of CroziER and of his collaborators 
ROZIER 1924—1926; Crozier and collaborators 1924—1931; 
e further Buiss 1926; L. A. Brown 1926, 1928, 19296; CasTLE 
28; CoLE 1925, 1926, 1929: CoLE and Attison 1929; FEDE- 
Gut 1929, 1930; Fries 1926; Furtron 1926; GuasER 1925; 
RAY 19286; Hecut 1926, 1928; HELLER 1930; M. Irwin 1925; 
cCuTcHEON and Lucké 1926—1927; Mi~iEeR 1929; MiTrcHELL 
29; Murray 1926; Navez 1928—1931; Orr 1925; Pincus 1931; 
[CHARDS 1926—1928: SHapLEY 1924; SNyDER 1931; STEINER 
32: StreR 1933; StreR and Prycvus 1928; Stier and WotrF 1932; 
inc 193la,b; WELSH 1932; WicKWIRE, SEAGER and BURGE 
29; WortEY 1933; Yamamoto 1931; etc. 

In this chapter the theoretical implications of the ARRHE- 
us law will be put aside, a discussion in full being reserved 
r Chapter IV (4). Yet it is necessary to point out one or two 
teworthy features of the formula. 

First it is useful to keep in mind that there is a close re- 
‘ionship between « and Qyo, as the latter may be derived from 
e former by simplification for moderate intervals of temperature. 
lis relationship was clear to former investigators (ROBERT- 
n 1908, 1920: ConeN Stuart 1911), but is neglected by 
.OZIER. 

Ropertson (1920) gives the following table of Q,) and 
responding values of yu: 


Protoplasma-Monographien VIII: Bélehra dek 5 
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Table V 

Quo fad 
2 13,200 
10 44,000 
100 88,000 
1000 132,000 
10,000 176,000 


Following the Q,, rule, the logarithm of velocity gives a straight 
line when plotted against the ordinary temperature (°C), while 
following the law of ARRHENIUS the logarithm of velocity gives 
a straight line when plotted against reciprocal value of the ab- 
solute temperature. But BELEHRADEK (1928) has pointed out 
that the reciprocal of absolute temperature is, as far as the bio- 
kinetic zone is concerned, practically a linear function of the 
ordinary temperature, which means that there is no practical 
difference between uu and Qj, in biology (fig. 6). Also PUTTER (1927) 
has opposed the general use of the law of ARRHENIUS in biology 
for similar reasons. There are furthermore some objections of 
biological character to be made to the use of « (BELEHRADEK 1928), 
the chief of which is that vital action is arrested at or in the 


or 


es 
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Fig. 6. Reciprocal of the absolute temperature (ordinate) is practically 

linear function of the ordinary temperature (abscissa), between 0° and 40° 
(BELEHRADEK 19285). 


So 
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cinity of 0°C, and not at —273°, so that the use of the absolute 
mperature scale is a superfluous complication. 

As a matter of fact it was known even to those who were 
st to test the ARRHENIUS formula in biology, that the constant 
varies with temperature (RocERs 1911, Conen Stuart 1911). 
‘om what has just been said it is clear that it must vary with 
mperature in every case where Q,, does. Yet Crozier and his 
-workers (1924—1931) attempted to give to these variations 
theoretical meaning in saying that different values of yu found 
different temperatures, belong to various individual biochemical 

catalytic processes upon which the complex “biological pro- 

ss” is based. This point of view is evidently incorrect, as 
monstrated by HEILBRUNN (1925), BELEHRADEK (19285, 1929, 
30), D. Lupwie (19286), FuLMeR and Bucwanan (1929). On 
e contrary Navez (1931) has defended CroziER’s view. The 
tails of this discussion must be read in original papers (see also 
SLEHRADEK 19326). Besides that, the following authors find 
at the variations of « with temperature are systematic and not 
dden: BELEHRADEK (1926a), FRIEND (1927), EMERsoN (1929), 
URBATOV and LEOoNOoV (1930), Watton (1930), D.E.S. BRown 
9306), Harness (1931), etc. 

The constant m decreases with increasing temperature also 
simple enzymatic processes studied in vitro (EULER and LAURIN 
20, ErRNsTROM 1922; numerous examples are found in KUHN 
24, p. 152; see also HaLpANE 1930, p. 65, and BELEHRADEK 
30a, p. 38-39). EvLER and LavRIN even give an equation from 
lich it is possible to calculate m for various temperatures. It 
yuld therefore be surprising that should be more constant in vivo. 

In a few instances where a unique yu is found for all tem- 
ratures, Qj, also, is constant in value, and if there are any 
ferences, they do not exceed the usual limits of unavoidable 
‘or in biology. For the great majority of biological processes, 
wever, there are many reasons leading one to expect that w 
ll not be constant with temperature. 


8. Temperature coefficient 5 
In the lack of any rational temperature formula in biology, 
‘LEHRADEK (1926a—d, 1927, 1928a, 1929, 193804, 1931a—c) has 
oposed an empirical equation, which is: 
a 


O* 


a“ 
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y being time, ¢ temperature, a and b constants, the latter of 


which has the meaning of a temperature coefficient. 


13 log t° {4 


Fig. 7. Temperature action 
on the rate of O.-consump- 
tion in certain marine 
animals (VERNON 1895 a). 
Abscissa: log of tempera- 
ture. Ordinate: log of time 
required to consume a de- 
finite volume of O,. 


When 
expressed in logarithms, the formula 
becomes: 
log y =loga—b-logt (XVIII) 

from which it is clear that the log- 
arithm of time (or of velocity), plotted 
against the logarithm of temperature, 
should give a straight line. Figures 7 
and 8 are graphical representations of 
this relation. (Compare also figs. 11 
—13, 16, 17, 23, 26, 27). 

The exponent 6 is calculated as 
follows: 

je PO Os 


= XIX 
log t, — log t, ( 


or, because velocity (v) is the inverse 
of time (y): 
log v, — log v, 


= XX 
log tz — log t, ( 


According to the author, the formula holds good in many 
cases, yielding a unique 6} for all temperatures examined. Yet 
it cannot be said that it would hold good in every case. CROZIER 
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Fig. 8. Action of temperature on the rate of nervous conduction in the 


frog sciatic nerve (ROSENBERG and SuGimorTo) 
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d Stipr (1927a) have shown that it does not agree with the 
perimental results of Fries on the heart beat of the cockroach, 
lere a unique yw for all temperatures could be found. Though 
ILEHRADEK (1929) showed that in this special case no definite 
nclusions can be drawn owing to the imperfections of ex- 
rimental technique, there is no reason to expect the formula 


hold good in every instance. 
From the equation (XVII, 
VIII) it may be seen that at 
C the reaction should be stop- 
d. Yet this is not always the 
se. BELEHRADEK therefore in- 
duced into his formula a new 
astant (a) which denotes the 
nperature threshold, from which 
> temperature is reckoned and 
ich coincides with the “‘bio- 
ical zero” for the process 
vwcerned. Thus modified, the 
mula may be written: 
a 
(¢—a)? 
Figures 9 and 10 are ex- 
ples of this modified relation. 
4,2 


= (X XT) 
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We ih 
log (t-) 
Fig. 9. Action of temperature on 
the rate of photosynthesis in the 
leaves of Prunus laurocerasus 
(Matruaer). Abscissa: log of 
time required to produce | mg 
of oxygen. Ordinate: temperature 
reckoned from —10° (a = —10°), 

in logarithmic values. 


2,2 
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10. Action of temperature, reckoned from +12° (=a), upon the 
ation of the prophase in chick myoblasts (BuccIanTE 1927). Tem- 
iture (abscissa) and time (ordinate) are represented logarithmically. 
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For many organisms, whose reactions are arrested in the vicinity 
of 0°C, it is obviously unnecessary to introduce @ into the com- 
putation. 

Navnz (1929) thinks that the equation fits with some exact- 
ness only such series of observations, where no abrupt change in 
occurs. It is thus important to show that a single value for 6 
may be found in many cases in which Q,, and yu show a decrease 
with rising temperature. This fact, which strongly supports 
sceptical views as to the idea of CRozrER (see II. 7 and IV. 4) is 
illustrated by figs. 11 and 12 (compare also Root 1932). Also 


JY 85 ry) gg 436 see 35 ry) qq %8 37 -G5 gto 
Fig. 11. Velocity of ameboid movement as a function of temperature 
(Pantin). In the left: log of velocity, plotted against the inverse of ab 
solute temperature, gives a regular curve. — In the middle: the same 
series of points as in the left, three straight lines being drawn so as to fi 
best the observed data, on the assumption that the law of ARRHENIU: 
holds good in this case and that the movement is based upon three distinc’ 
“master processes’’. — In the right: log of velocity plotted against log o 
temperature, the latter being reckoned from —2,2°. One single line suffice: 
to represent the relation. 
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Fig. 12. Velocity of locomotion in Paramaecium as influenced by ter 

perature (GLASER 1924). Left side: in the representation required b 

the formula of ArrnENius. Right side: as required by the formula c 
BELEHRADEK. 
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vases in which JANiscH (1925) applied his corrected exponential 
quation (see IT. 6), are represented with sufficient accuracy by 
he formula, as is evident from the fig. 13. 

The exponent 6 generally has a value between 0.6 and 4.0. 
1 most cases it is equal to 1.0—3.0. When it equals 1, the formula 
yecomes : 


a. 
bees Fr (X XIT) 
r : yt = & (XXITT) 


vhich is a formula identical with that of thermal summation 
ind of the linear relation between temperature and velocity 
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Fig. 13. Duration of the embryonic development of a moth, 
Ephestia kiihniella, in function with temperature (JANiscH 1925). 
Both axes are logarithmic. 


II, VIII). The rule of thermal sums and linear relation are 
1us only special cases of a more general relation between the 
mperature and the rate of biological processes (BELEHRADEK 
929, 1930). 
L. Hitt and EmeEnow (1924) found that the rate of killing 
‘ infusoria by ultraviolet rays depends on temperature thus: 
t- VT =Const., Cary, 
being temperature in degrees Centigrade, and T' time of ex- 
sure. The same equation may also be written as follows, if 
1e puts 7 = y and (Const.)? = a: 
FOG ee) (XXV) 
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: a 
Sa Y= (XXVI) 


This equation again is only a special case of the formula discussed 
here, 6 being equal to 2. 

The formula is identical with that suggested by Poropko 
(19265) for the rate of killing of organisms by heat (see X. 5, ¢). 
According to RONNE (1930) this type of equation seems to hold 
good also for many other biological phenomena outside the 
- temperature action. 


9. Other temperature formulae 


VELEY and WALLER (1910) applied Esson’s formula, ori- 
ginally proposed for certain chemical reactions, to the rate of 
action of certain drugs on muscle at different temperatures. 
The formula is: 


z-(z) (X XVII) 
Ky 

where K,and K, are two velocities at temperatures 7, and T5, 
the absolute temperature scale being used, and m is a constant. 
The practical value of this formula has not yet been demonstrated 
in many cases in biology, though Duar (1920) recommended its 
more general use. ,When the absolute temperature is replaced 
by the ordinary one, the formula is changed into the one dis- 
cussed in the preceding paragraph. 

A. G. Mayer (1914) found that in some cases of nervous 
conduction in the medusa the rate is proportional to the square 
of the temperature reckoned from the optimum downwards. 
Neither was this relation sufficiently demonstrated in biology. 

Formulae describing the effect of high temperature will be 
dealt with in Chapter X. 


CHAPTER III 


VARIATION OF TEMPERATURE COEFFICIENTS 
WITH EXTERNAL AND INTERNAL FACTORS 


l. General remarks 


Before attempting to compare temperature coefficients it 
s useful to know whether they are constant or not when the 
onditions of the reaction are varied. 

It is known that in inorganic reactions the temperature 
coefficients vary with the nature of the solvent, as first demon- 
trated by v. HaLBan (1909) in dissociation of triethyl-sulfin- 
romide : 


Table VI 
Solvent Lt Qio 
= = : 
Amiytealeohol so." « | 16.700 4.14 
Propylalcohol . . .. . | 16.970 4.24 
Benzylaleohol =] 2.2... 17.140 4.30 


Other similar examples are found in SKRABAL (1916). One 
f the most interesting is that the presence of some electrolytes 
iodifies the Q,, of certain saponifications. Most of the variations 
uoted by SKRABAL are not very important, but it may also 
appen that a process, which normally ocurrs with a positive 
mperature coefficient, may show a negative one under the 
stion of external conditions (see also Rick and Urey 1924). 

More important variations are however known to occur 
/ enzyme action. Concentration in substratum affects the value 
 Qjo in some enzymes (KuHN 1924). LurppoLp (1929) has 
monstrated that pH variations greatly affect the value of Qyo 
an amylase (fig. 14). Similar effects are known also from the 
ork of NELSON and BLOOMFIELD (1924) on saccharase. ERNSTROM 
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(1922) found analogous variations of in amylase in the presence 
of NaCl. It may be that differences in Q,) and in « reported by 
various authors in one and the same enzyme are based on such 
effects (see HALDANE 1930). 

In the process of diffusion the temperature coefficient varies 
with the nature of the diffusing substance and with the rapidity 
of the diffusion itself, as stated 
by KoutrauscH (1908) and 
Onotm (quoted from H. 8S. Tay- 
Lor 1931). The more rapid the 
diffusion of a given substance, 
the lower is the temperature 
coefficient (see also IV. 9). 

There are therefore many 
reasons to suppose that tem- 
perature coefficients of biological 
processes will similarly be affected 
by variations in the external 
conditions as well as by those 
a eee of the internal state of living 
Fig. 14. Temperature coefficient seats aeelipreca elisa Bo 
(Q.,) arene aha Fe yin seen later on (IV.9) that an 
varies with the pH of the medium attempt may be made to under- 

Sarasiatee SSIS of stand many of these variations 
; from one single standpoint. 


5,5 
920 


5,0 


45 


2. Effect of varying water content 


It is known that in some organisms the water content varies 
with the degree of relative humidity in the air. Especially in 
arthropods it is easy thus to modify the water content of their 
bodies to a large extent. As far as data are available on the 
rate of insect development under varied temperature and humidity, 
temperature coefficients at various water content of the body may 
be calculated. BiLEHRADEK (1926c, 1930a, 19326) gives such 
figures of which the most demonstrative are those computed 
from SHELFORD’s (1927) data on the rate of development of the 
coddling moth (Carpocapsa pomonella) under varying conditions. 
From these figures (fig. 15) it is evident that both mw and Qi, 
vary systematically with the humidity, being high at low humi- 
dities, decreasing at higher ones and increasing again at the 
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highest relative humidities. — See further BiLEHRADEK and 
MLADEK (1934) for O, consumption in larvae of insect. 

From ANDERSEN’s data (1930) on 4, 
Sitona lineata, it follows that the tem- Q) 
perature coefficient of the rate of develop- 4% 
ment rather decreases with decreasing 
humidity. Similar behavior of Q,)is shown 
in TITSCHACK’s figures on the velocity of 1 
development of the moth (Tineola biselli- 
neata), yet the number of observations 
here is too small to allow of a conclusion. 
From WaRDLE’s (1930) results on the 
development of the blow-fly (Lucilia serri- 48 
cata) no such variations in temperature 
coefficient are noticed. 


50 
= 
~ 
4s 


4 
; a 
3. Effect of electrolytes %humidty 


From E. G. Martry’s results (1904) ig. 15. Temperature 

on the rhythm of isolated heart of ee Qo (empty 

- . circles) and s as in- 

ee at various Diaries WATes and at sree EraNig Gut 

different concentrations of KCl in the humidity, in the case of 
perfusion liquid, the following figures have insect development 


been calculated (BELEHRADEK 1932a): oor ren ie exes 


Table VII 
%Kcl | b 
0 | 0.84 
0.003 3.12 
0.08 2.80 
0.11 4.70 


Potassium chloride thus increases the temperature coefficient 
(compare also fig. 16) of the heart beat. Analogous variations 
in Q,) have been found by J. J. Bouckasrt, J. P. BoucKAERT 
and Noyons (1922) also in the frog’s heart in relation to the Ca 
content of the perfusion liquid. 

SHERWOOD and FuLMER (1926) and FutMER and BUCHANAN 
(1929) reported that the value of w in yeast growth depends on 
the concentration of NH,Cl in the medium. CERIGHELLI (1926a, 5) 
studied the effect of various CaSO, concentrations upon the 


28 CHAPTER III 


temperature coefficient of root growth in the pea with a similar 

result. From the observations of R. Mryrer (1928) it may be 
concluded that (NH,),SO, influences the value of Qj) in the 

growth of Aspergillus 
niger. 

As to the modificat- 
ions of temperature 
coefficients under the 
action of acids, alkalis 
and of varying pH, 
A. J. CLARK’s (1921) ex- 
periments on perfused 
frog heart seem to in- 
dicate that Q,, is higher 
on the alkaline side than 
at neutrality, yet no 
systematic studies have 
been undertaken to clear 
up this point. As far 
as may be judged from 
the scarce data of FRIED- 
HEIM and RUNKHELMAN 
(1930), Qi of glucose 
ie en eR BK 43. 44%  45logt°46 consumption in the ex- 

Fig. 16. Heart beat frequency (in log- plants of the chick heart 
arithms, ordinate) as dependent on tem- decreases when pH of 
perature (in logarithms, abscissa), according the medium is lowered. 


to data of E.G. Martin. Concentrations 
of KCl marked on the respective lines. 


2,0 


log y 


40 


05 


From the results of 
W. Brown (1922) on the 
temperature action in the rate of growth of Penicilliwm glaucum 
under varied CO, content the following figures are computed: 


Table VIII 


Atmosphere | Oxan. 
Norms iar) eae | 4,25 
Airs 10%; COs aaa 5.0 

+209, CO, aoe tesla 


It may thus be concluded that various electrolytes greatly 
modify the temperature coefficients of many biological processes. 
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4. Effect of narcotics 


Korke (1911) determined the rate of propagation of the 
nervous impulse at different temperatures in normal and anaesthe- 
tised nerve, but his figures are too irregular to allow a conclusion. 
FREUND (1922), working under BaBAk’s direction, could not 
detect any change in Q,) of the heart rhythm on addition of 
ethyl alcohol, but D. E. 8. Brown (1930) reports that alcohol 
lowers the value of yw in excised frog’s heart. Coxe (1925) thinks 
that chloretone does not modify the value of 1 of the frequency of 
the pulsating vacuole in Paramaecium. But BELEHRADEK (1926c) 
has pointed out that the analogous results of KHarnsKky (1911), 
gained without narcosis, yield a much lower b than Coun’s figures 
with chloretone. 

The question thus remains open as to whether narcosis 
modities temperature coefficients in biology, and in which direction. 


5. Effect of other substances 
It is known since SLaTor’s (1908) investigations on the 
rate of CO, production in yeast that the temperature coefficient 
of the process varies with the chemical nature of the sugar used: 


Table LX 
Sugar | ees CO; 
| production 
(aaCEOSE ore oes ol, | 1.40 
Dextrose, levulose . . | | _ 
1.86 
Saccharose, mannose . {; 
WVMaltOSeu- ede ees | 2.52 


[hese results are represented graphically in fig. 17. Similarly 
n the respiratory process of Phycomyces, the temperature coef- 


Fig. 17. Staror’s (1908) figures 
on the rate of alcoholic fermen- 
tation as influenced by tempera- 
ture, in bilogarithmic represen- 
tation (abscissa = log of tem- 
perature, ordinate = log of time, 
time being taken as reciprocal of 
the velocity). Upper line: maltose. 
In the middle: levulose. Lower 
line: galactose. Respective tem- 
perature coefficients (b) marked 
on the graphs. 
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ficient (b) varies with the medium, as may be found from DE 
Borr’s (1927) figures: 


Table X 
Medium | 2% 0f 2 |2 of the CO, 
| consumption | production 
Linseed. . 1.34 1.34 
Bread : 1.04 1.40 


Besides the effects of electrolytes and of narcotics, which 
have just been discussed, some other substances seem to modify 
the values of the temperature coefficients of the heart rhythm, 
as is evident from GELLHORN’s (1924, 1926) experiments with 
tyramine and adrenaline. BELEHRADEK (1932a) has found that 
caffeine in small doses increases, in greater ones decreases 6 of 
the rhythm of isolated frog’s heart: 


Table XI 

Per cent of b of 
caffeine the rhythm 
0 | 1.15 + 0.09 
0.133 1.26 + 0.02 
0 |} 1.30 + 0.04 
0.015 1.57 + 0.08 
0.1 1.10 + 0.07 

0 1.25 

0.03 1.35 

0.06 1.39 

0.09 1.21 


According to BELEHRADEK and Mirskt1 (1932), small amounts of 
guanidine increase the 6 of the heart rhythm in the frog. FreuND 
(1922) failed to see any such modifications under the action of 
cardiotropic alkaloids. Also Barcrorr and IzqurERDo (1931) 
have obtained negative results with atropine. 

Strychnine greatly lowers the temperature coefficient of the 
duration of muscular action currents (LoRENz 1926). RamAGLia 
(1929) reports that Q,, of oxygen consumption in the toad is. 
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| 

lowered by injection of guanidine. Also ingestion of glucose 
seems to modify the uw of heart frequency in Limax maximus, as 
own by CroziIER and Stier (1926a). 

According to Emerson (1929), different chlorophyll concen- 
itrations which he artificially varied in cells of Chlorella are not 
massociated with differences in temperature action upon the rate 
of photosynthesis. 


6. Effects of varied O, pressure 


Bapak and Rotek (1909) found that Q,) of respiratory 
movements in the larvae of Libellulids is 1.8 in aerated water 
but that it incrases to 2.2 under lack of oxygen. Also PUTTER 
(1914) showed that the Q,) of oxygen consumption in the frog 
and in the leech varies with the partial pressure of O, (see also 
CRrozIER and Stier, 1926a). In experiments of BaBdK and 
Ktunova (1909) no significant differences in the Q,, of respiratory 
rhythm in urodeles could be detected when the O, pressure was 
varied. From the more recent investigations of Mack (1930) 
on CO, production in wheat seedlings the effect of varied O, 
pressure upon the value of the temperature coefficient may be 
computed as follows: 


Table XII 
Per cent of 0, | b 
0.6 | 1.40 
3.1—50.0 | 1.65 
90—98.3 | 1.78 


7. Effect of concentration of the reactants 


In enzyme action and in the diffusing process the temperature 
-oefficients depend on the concentration of the reacting or diffusing 
substances respectively (III. 1). Besides the effect of different O, 
sressure, which has been analysed in the preceding paragraph (IIT. 
), some isolated records may be found in biological literature 
egarding other substances as well. 

CroziER (1922) examined the rate of penetration of HCl 
nto living cells of the nudibranch Chromodoris zebra and 
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found that it depended on temperature and on concentration as 
follows (see also fig. 18): 


Table XIII 
Concentration | Quo (above 18°) 
of HCl of the rate of 
penetration 

0.0063 n. 1,19 

0.01 1,68 

0.10 1,81 

0.33 1,89 ° 
19 
Q 


Fig. 18. Qj) of the rate 
of penetration of HCl into 
certain animal cells in- 
creases with the concen- 
tration of acid 
(Croz1ER 1922), 


0 Qf g2 normal Hel 3 


The rate of accumulation of brilliant cresyl blue in Nitella 


shows the following relation to concentration and temperature 
(M. Irwin 1925): 


Table X1V 
Concentration | 
outside | Qh M 
0.00001 mol. 5.9 | 30.900 
0.00002. ,, | 44 | 26.000 
0.00004 ,, | 4.5 | 26.200 
0.00008 ,, 4.7 = 


From the results of Mac ArrHuR and BariuiE (19296) it 
appears that the temperature coefficient of survival of Daphnia 
in a medium containing KCN decreases with increasing concen- 
tration (see the table XVI on p. 33). 


In spite of the above described effects of the concentration 
upon the magnitude cf temperature coefficients, no definite rule 
can be laid down as to the trend of such changes. 
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8. Effect of light 


From a certain theoretical point of view, which will be 
discussed further on (IV. 9, f) it is important to know if the tempe- 
wature coefficients of biological processes are varied by absorbed 


radiation. 


In spite of the scarcity of available information, it 


seems that this is so at least in some cases. 


VaLLoTt’s (1921) results on the 
tate of reduction of methylene blue by 
‘animal tissues show that the tempera- 
ture coefficient is higher in darkness 
than in light (fig. 19): 


Table XV 
| b 
In obscurity. . . 3.08 
PSUs ger | mig 2.24 


CROZIER and STIER (19265) suggest 
that abnormally low values of yw for 
speed of movement of Oscillaria might 
be explained by the action of light, 
and also Navez (1928) admits this. 
Hinricus (1930) observed that the Qj, 
of the heart rhythm in Fundulus 
decreased slightly on irradiation by 
ultraviolet rays. 

From data obtained by HoaGLanD, 
HIBBARD and Davis (1926) on the rate 


15 log £16 


ae Gate 


Fig. 19. Action of tem- 
perature (in logarithmic 
values, = abscissa) upon 


the rate (expressed in log- 
arithms of times, = ord- 
inate) of the reduction of 
methylene blue by pulped 
mammalian tissue. Upper 
line: in dark. Lower line: 
in solar light. (Constructed 
form data of VALLOoT.) 


of accumulation of bromine in the cell-sap of Nitella under varied 
temperature and illumination, the following values of Qj) are 


calculated : Table XVI 
No. of Qio Q1o 
experiment || in darkness in light 
1 1.53 2.95 
2 1.74 2.86 
3 1.45 2.50 
ae | ae as 
Average 1.57 2.77 


Protoplasma-Monographien VIII: Bélehradek 
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From the results of Macistrits and ScHAFER (1930) on 
the velocity of ecdysis of phosphatids and of sugar in plants 
it appears that temperature coefficients decrease on illumination, 
especially on application of ultraviolet light. 

In photochemical reactions the value of temperature coef- 
ficients often varies with the wave length and also with the inten- 
sity of radiation. This special point is to be analysed in more 
detail in another section (IV. 5). 


9. Mechanical effects 


In transmission of action currents in the muscle of the frog, 
the temperature coefficient seems to vary with the elastic tension 
of the tissue (H1ERONYMUus 1913). 


10. Seasonal variations 
in temperature coefficients have been analysed by CrozreR and 
STIER (19256) in molluses and by BARcRoFT and [zQuIERDO (1931) 
in the heart of the frog. They may be conceived, following 
BELEHRADEK (1931 a), as being associated with thermal adjustment 
(see IIT. 15). 
ll. Age differences 


BIALASZEWIcz (1908) seems to have been the first to point 
out that Q,) of developmental rate increases with the stage at- 
tained. In 1912 Cresana found that the Q,, of the heart beat 
frequency in the chick embryo in- 
creases with age. Murray (1926) 
obtained with the same object 
data which clearly show a regular 
variation of « with the age of the 
embryo. While the values of uu 
for the ventricular beat increase 
with age, those for the auricular 
beat vary in the opposite direction 
(fig. 20). Similarly more recent 
s , analogous investigations made by 

: ath ES grag (1928) show a regular de- 
Fig. 20. Variation of the tem- i j 
persturelcharactaristiot: of them ane cee of temperature coefficient 
heart beat frequency in chick With the age. 
embryo with age (= abscissa). As to the heart beat of other 
Empty circles: auricle. Black : . 
Re ieee: species, an increase of temperature 
(Data of Murray 1926.) coefficient with age was demon- 
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strated by Laurens (1914) on larvae of Amblystoma, by 
ANDERSEN (1929a, 6) on the lizard and on larvae of the trout, 
by Crozier and Huszs (1924) on Leucichthys artedi (a fish). 
All these examples are analysed in more detail in a paper by 
BELEHRADEK (1930a). CRozrmR and Strer (19276) have also 
found different « values in embryonic and adult heart of 
Limulus, and GuLasER (1929) has confirmed such differences in 
the heart of Fundulus. 

As regards the velocity of development, BiLEHRADEK 
(1926a—c, 19286, 1930a) has reviewed the earlier and more 
recent bibliography from this standpoint and could show that 
different stages of development often are associated with different 
temperature coefficients, and that these differences are systematic 
in function with age. According to a quotation from Lupwia¢ 
(19285), it was noticed as early as 1910 by SanpERSON that yw 
of insect development varies with the age. There is now strong 
evidence to support such an idea, furnished by LoEB and Nor- 
THROP (1917), BonnteR (1926), FRIEND (1927), Lupwie (19285), 
MELVIN (1928), DE BorssEzon (1930) and by other entomologists. 
But by far the most demonstrative are the results of BLUNCK 
(1924) on the development of Dytiscus semisulcatus, as recal- 
culated by BELEHRADEK (1926c, 1927, 1929, 1930a). Fig. 21 
shows the relation between the velocity of development and 
temperature in the bi-logarithmic system (as required by 
formula XVII discussed in II. 8), whereas fig. 22 demonstrates 
that the variations of 6 with age describe an S-shaped curve. 
Likewise CROZIER (1926a) has analysed BLUNCK’s data by means 
of the ARRHENIUS formula, but he was unable to detect any 
variation of « with age. This supports the view that the formula 
does not yield good results in biology (see I. 7). — In 1926 (c) 
BELEHRADEK suggested that b often suddenly drops during the 
metamorphosis in insects, yet more recently he has changed his 
view (1930a) and thinks that this cannot yet be sufficiently 
demonstrated. 

Variations of temperature coefficients with age in the deve- 
lopment of Amphibians are not evident from the often quoted 
experiments of O. HurtwiG (1898) because of their irregularity. 
Yet from analogous results of KrocH (1914) it may be concluded 
that the temperature coefficient tends to increase with age (see 
BeLEHRADEK 1926c). — Also Faur#-FREmrET (1925) claims that 


3* 
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the Q,) values of developmental processes in general are unlike 
for different stages (see also PETER 1905). 

Similar age differences seem to exist in temperature coeffi- 
cients of the rate of metabolism. Boprne (1929) has observed 
that as the egg of certain Orthopters develops, the response of 
its metabolism to temperature becomes progressively greater. 


log Y (ours) 


08 09 10 14 12 13 1 log x 


Fig. 21. Duration (log of the number of days, = ordinate) of the successive 
developmental stages of Dytiscus, in function of temperature (in logarithms 
= abscissa). Increasing slope of the lines indicates increasing temperature 
coefficient. (From BELEHRADEK 1929, according to data of BLUNCK.) 


VARIATION OF TEMPERATURE COEFFICIENTS 37 


BELEHRADEK (1930a) has shown from the results of BaTTELit 
and STERN (19136) that 6 of oxygen intake and of CO,-production 
in different developmental stages of Bombyx mori are unlike, as 


1,8 
1,6 
1,4 
1,2 
1,0 
18 26 34 48 63 85 40-1 
days at 15° 2 48 1H 15 46 Mngt 17 
Fig. 22. Temperature coefficient Fig. 23. Action of temperature 
b (= ordinate), computed from (abscissa) on the rate of O,-con- 
the fig. 21, increases regularly sumption in different develop- 
with the age attained mental stages of the silkworm 
(= abscissa). (y = reciprocal of the rate). 
(BELEHRADEK 1929.) (BATTELLI and STERN 19130.) 


is clear from fig. 23. Also from BODENHEIMER’s (1930) figures 
on the respiratory metabolism in the desert locust (Schistocerca 
gregaria) it appears that 6 varies as a function of age: 


Table XVII 

5 b of 

Piage respiration 
niyo 4 5 Ge Gc 0.89 
First larval instar... | 1.38 
Third larval instar. . . | 1.52 
Fifth larval instar... | 2.40 
Wop Thanet GH Ae | 1.90—2.02 
Cloke, 2 5 2 6 ae 2.20 


Relatively little is known about similar variations in plants. 
Yet Huser and Nipkow (1923) have observed that the rate of 
excystation in Ceratiwm hirundinella depends on the age of cysts 
and on temperature, and from their figures it is evident that the 


38 CHAPTER III 


Qi, varies systematically with age (fig. 24). BELEHRADEK and 
BELEHRADKOVA (1929) have shown that the rate of oxygen 
intake in a fern, Scolopendrium scolopendrium, gives a b varying 
with the age of the leaves’). i 

As pointed out by B&LEHRADEK (1931c), no significant age 
differences in temperature coeffi- 
cients are found in _ processes 
which themselves show a low 
temperature coefficient. Thus he 
was unable to detect any such 
difference in the oxygen con- 
sumption of embryos and young 
of Carcinus maenas and in that of 
young and adult aphids (Macro- 
siphum pellargoni). It seems 
also that the electric conductivity 


it pee eee 


Fig. 24. of the rate of : 
eee in Ceratvum as in- of young and adult tissues re- 


fluenced by the age of the cysts sponds to temperature variations 


(abscissa). 


in the same way. 
(Huser and NreKow.) 


12. Sexual differences 


Nobody as yet has attempted to examine systematically 
whether the temperature coefficients of biological activities 
show sexual differences. Yet such differences are apparent from 
the work of BonniER (1926) on the development in Drosophila, 
while Briss (1926) could not detect any in the duration of the 
prepupal period in the same insect. According to ALPATOV and 
PEARL (1929) the duration of life in the female Drosophila is 


modified by temperature to a greater extent than in the 
male: 


1) Variations of temperature coefficients with age in general have been 
criticized by Crozier and Stier (1927a) who state “the notion that the 
temperature coefficients of a given activity decrease or increase regularly 
with the age of the organism is simply untrue’. It is difficult to conceive 
such a point of view in the presence of so many facts. Similar criticism 
has been offered also by Navez (1931) in connection with CRozrEr’s ob- 


jections. A detailed answer has been published by BiLEHRADEK (1929, 
19325). 
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Table XVIII 


| Qo (average) 


1.92 + 0.04 


2.31 + 0.07 


Velev Are 
Female 


Experiments of MacArruur and Baru (1929a, 6) demon- 
strate sexual differences in temperature action upon the heart 
rhythm, the duration of life and the susceptibility to KCN in 
Daphnia magna: 


Table XIX 
| b in male b in female?) 
Bleue RGAterrn f8 cL k is fs wa)! ws | 1.26 1.10 
MTEMCLUN UO. mS eu oc. cul sts te | 1.31 1.10 
fatng m KCN, 0.00lm...... .. | 1.36 1.20 
Killing in KCN, 0.0022m........ | 1.20 0.80 


StuMPER (1922) found in the locomotion of ants (Messor 
barbatus) a Q ,) = 1.78 in the worker and 1.95 in the apterous 
female. 

At least two of these instances, namely the experiments of 
ALPATOV and PEARL and those of MacArrHur and BarLiin, 
lie beyond the limits of experimental error and they show de- 
finitely that the temperature coefficient of one and the same 
reaction may be unlike in the two sexes. 


13. Regional differences in temperature coefficients of 
organ activities 


MoornHovsE (1913) reported that the percentage degree of 
acceleration on heating is higher in the beat of coronary and 
septal strips excised from a cat’s heart than in the rest of the 
heart tissue. Murray (1926) ha sdemonstrated that mw of the 
heart beat frequency in the chick embryo is unlike for ventricular 
and auricular activity. His figures are reproduced above (p. 34, 


fig. 20). 


1) The authors give values of Qyo, which, though inconstant with 
temperature, show analogous sexual differences. Yet it seems simpler 
to use } in this case, as its value does not change with temperature. 


40 CHAPTER III 


Firon (1911) found that temperature affects the excita- 
bility (chronaxie) of different muscles of the same species (green 
frog) to a different degree. Her figures, recalculated so as to yield b, 
are as follows: 


Table XX 
Muscle | b of chronaxie+) 
Gastrocnemius. . 0.61—0.86 
Rectus anterior . | 0.96 
SIMKOUER LS a Bo 1.14—1.56 


In general the “rapid’’ muscles show a lower coefficient than 
the “slow” ones. 

According to F. B. Taytor and ALVAREZ (1917) there is a 
regular variation in the Q,, of the intestinal rhythm in the rabbit 
with the distance from the stomach. The variations are associated 
with the rapidity of the rhythm: 


Table X XI 
| Contraction 
Segment | frequency Oiaeas 
| at 38° 
Duodenum .. . 16.5 2.42 
Aerio 2 eS 15.0 | 2.48 
Upper ileum . . 13.0 2.88 
Lower ileum . . | 11.8 2.68 


It remains to be investigated whether such differences in 
temperature coefficients are associated with the gradients of 
metabolism, detected by CHip and his school. 


14. Special case of mitosis 


Different phases of the mitotic process are characterised by 
unlike temperature coefficients, as stated by Prrer (1924) from 
the figures of JoLLy (1903a, 6) on the division rate of blood cells 
in the newt (Z'riton) and as confirmed by Epnrusst (1926, 1933) 
for the cleavage process in the sea-urchin and in Ascaris. Also 
Bucorante (1927a) has observed that temperature acted differ- 


1) The same remark applies to this case as to the experiments of 
MacArruur and Baris. 
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ently upon the anaphase and telophase in the mitosis of chick 
fibroblasts. 


As regards analogous phenomena in plants, LAUGHLIN’s (1919) 
figures on root cells of onion allow the conclusion that the Q10 
here too varies during the mitotic division, being high in the 
interkinetic period, dropping in the prophase and rising again 


the duration of 
successive phases 
of mitosis in 
onion root-cells, 
according to Die 
LAUGHLIN. 
Abscissa: durat- 
-ion of the phase. 


Fig. 25. Qi) of i. 
3 


100 200 300 min 400 


in the metaphase, anaphase and telophase (fig. 25). According 
to EpxHrussi, the minimum value of Qo coincides with the 
appearance of the equatorial plate. 


15. Effect of thermal adaptation 


BELEHRADEK (1926a, b) has pointed out that the temperature 
coefficients of analogous biological processes increase with the 
adaptation of the protoplasm to higher temperature, and later on 
(1931 a) he illustrated this rule by numerous examples taken from 
the data of various investigators. ZAWADOWSKIJ and SIDOROV 
(1927, 1928) have confirmed this view in the cleavage process of 
eggs of different species and L. A. Brown (19296) in the rate of 
development in various related species of Cladocerans. 

The examples given by BELEHRADEK concern germination of 
seeds, production of CO,, velocity of amoeboid movement, activity 
of smooth muscles, heart beat frequency, cellular division, cleavage 
of eggs, embryonic development and locomotion speed in ants. 
For the detailed figures and for discussion it is necessary to 
consult the original paper. It may suffice here to reproduce some 
of the graphs (fig. 26—28) and to quote the case of developmental 
velocity in Cladocerans (L. A. Brown 19296): 
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Table XXII 
1S Te el a a es le Se a 
J ote Temperature coefficient of 
Species killing’ the development 
animal with- 
in 1 minute Qi (at 13°) | Qyo(at 25°) b 
Daphnia 
longispina. . 42° 1.82 1.48 1.00 
Simocephalus . | 43° 2.64 1.70 1.43 
Daphnia pulez. 44° 2.36 1.81 1.63 
Pseudosida 
bidentata . . | 48° 2.90 2.03 1.80 
Moina | 
macrocopa. . 48° 3.96 | 2.39 2.15 


BeLEHRADEK has suggested that temperature coefficients of 
vital activities must vary with thermal adjustment because of 
changes in the physical properties of protoplasmic fats and 
photophatids. This hypo- 
thesis will be discussed further 
on (IV. 9, 2). 


16. Effect of injury 


After what has been 
said on the variability of 
temperature coefficients with 
many factors, it will not be 
surprising to see that injury, 
too, modifies the response of 
living systems to temperature. 

Practically all the in- 
formation available has been 
gained from the study of the 


log time 
al 


Fig. 26. Time required for germi- 
nation of various seeds at different 
temperatures, in bilogarithmic 
representation (constructed by 
BELEHRADEK 1931a from data of 
HABERLANDT). The temperature 
coefficient b, is greater in thermo- 
philic species, as is evident on the 
slope of the lines. 
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heart. SNYDER (1905) observed in the Pacific terrapin that the Qio 
may either increase or decrease with advancing age of the heart 
preparation. FREUND (1922) found in the frog that the Qio of 
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Fig. 27. Velocity (v) of ame- 
boid movement in function 
with temperature (f°). To 


avoid interference of the 


lines, the velocities extrapoled 
for t° = +1°C are put equal 
to unity. 1: marine amoebae 
(PANTIN 1924). 2: frog leuco- 
cytes (UEKI 1928). 3: rabbit 
leucocytes (SuGiyama and 
Mort 1927). 4: human leuco- 
cytes (Sueryama and Mort 
1927). 5: chick leucocytes 
(SuetyaMaA and Mort 1928). 
— The temperature coeffi- 
cient, evident from the slope 
of the lines, is greater in 
homoiotherms than in 
poikilotherms. 


15 logt 18 


heart beat frequency increases with 
the time elapsed after isolation, but 
GELLHORN (1924) observed a modi- 
fication in the opposite direction. 


20° 

15° 

10° 

§°® 
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15° 
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Fig. 28. Variation of the temperature 
coefficient b (above) and of the _ bio- 
logical thermal zero (in the middle) of 
the locomotion of an ant, Messor semi- 
yufus, with the average monthly tem- 
perature (below) in Palestine. One 
division of the abscissa corresponds to 
one month, beginning with January. 
(Constructed by BELEHRADEK 1931a from 
data of BODENHEIMER and KLEIN.) 


D. E. S. Brown (1930a), working with strips cut out of the 
tortoise’s auricle which he stimulated electrically, has seen a 
decrease in the value of mw with advancing age of the pre- 


paration : 
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Table XXIII 


Age of strip Lu 
0 14,800 + 500 
2 hours 14,000 + 500 
SA = * 13,500 = 500 


BELEHRADEK (1932a) has reported that the temperature 
coefficient of the rhythm in the isolated heart of the frog, perfused 
by a special method, remains constant for many hours and that 
even the changes in 6, induced by caffeine, may be completely 
reversible. With guanidine however such reversibility is not 
possible (BELEHRADEK and Mrrskt 1932). 

GLASER (1925a) and FEDERIGHI (1929) have suggested that in 
cardiac activity might be modified by fatigue. E. and H.GELLHORN 
(1928) have found the following values of Q,, in the permeability 
of isolated frog skin, normal and injured, to dyes: 


Table XXIV 


Qio (between 15—25°) for 


methylene | methylene 


| blue azur II 
INormiall skin’ 4) 50g." i. 1: asta Sac eae | 2.13 2.38 
Skin previously heated to 45°... ... 3.34 3.39 
Skin just) before cea thie momma nrennenne | 1.71 | 1.42 


In this connection it may be noted that according to OsTER- 
HOUT (1914) the Q,, of the electric conductivity in Laminaria is 
smaller in dead than in fresh specimens (see further VIT. 6). 

BaTTELLI and STERN (1913a, b) measured the O,-consumption 
and CO,-production at various temperatures in whole insects and 
in pulped insect tissue. Their results lead to the conclusion that 
the temperature coefficient is much lower in the second case: 


Table XXV 


| b 
\| 
| Intact pulped 
ee ee ee = 
Fly larvae, O,. . | 1.50 0.48 
» ». § GUOge.s ul 1.70 0.54 
Cockchafer, O, . 1.72 0.58 
” CO,. | 1.80 0,73 


CHAPTER IV 
THEORIES OF TEMPERATURE COEFFICIENTS 


1. Introductory and historical remarks 


It is generally known that in the study of the kinetics of 
reactions between pure substances the notion of temperature 
coefficient played and still plays a dominant part. In reactions 
occurring between definite chemical bodies under determined 
conditions the temperature coefficient is found always to be of 
the same magnitude. This suggests the idea that the numerical 
value of the temperature coefficient is connected in one way or 
another with the intimate nature of the process in question. 
This idea. became the starting point of much speculation in 


chemistry and gave rise to several theories, for details of which 


the reader is referred to special chemical treatises (Rick and 
Urey 1931 in H.S. Taytor 1931). 

Some of these theories have been applied to the action of 
temperature upon the rate of biological activities in the hope 
that their intimate mechanism could thus be revealed. The 
purpose of the present chapter is to review these theories from 
a critical point of view along with some conclusions which have 
been drawn as to the kinetics of protoplasmic processes. 

It will not be out of place to recall that the beginning of 
these speculations in biology was made by chemists and not by 
biologists. We have seen above (II. 4, II. 7) how chemists applied 
temperature formulae, which were first proposed for reactions 
between pure chemical substances, to vital phenomena. Theo- 
retical implications of such formulae necessarily followed, and 
some of these have gained much popularity in biology, though 
they are considered as purely hypothetical even in chemistry. 
Such theories no doubt enable one to view the intimate kinetics 
of biological processes in a rather clear and simple way, but the 
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question arises whether such simplifications are fruitful in biology. 
It must not be overlooked that living systems differ greatly from 
the non-living ones, even from those of highest heterogeneity, by 
their complex character, caused by the presence of manifold 
phases, which themselves have a complex physico-chemical 
structure. In addition, different parts of living matter cer- 
tainly offer very unequal resistance to the penetration of 
molecules, and various phase boundaries around and inside the 
cell may become important obstacles for the free diffusion of 
material, which may thus be prevented from reacting with the 
same velocity with which it would react in a non-living, homo- 
geneous system. 

Hitherto biologists have not imagined any theory of tem- 
perature coefficients of vital processes, and they have been content 
to borrow explanations from chemistry. As soon as a new hypo- 
thesis arose in chemical kinetics, it was tested with lesser or 
greater enthusiasm in biology. Yet biologists never have been fully 
satisfied with the explanations arrived at in this way and it will 
be shown in the subsequent paragraphs that they had many 
reasons for this scepticism. 


c 


2. Action of temperature upon 
of processes 


‘catenary series” 


There are relatively few instances among reactions between 
chemical bodies, which may be said to depend on a unique process. 
Such a case is realised in water transport between two solutions 
of different concentrations through a semi-permeable membrane, 
where the rate is dependent only upon the value of the osmotic 
pressure. When the action of temperature in such a system is 
investigated, it is found that the rate of transport increases in 
the same measure as does the osmotic pressure. 

When a crystal is dissolved in water, the velocity of 
dissolution depends upon the velocities of two different processes, 
2.@. upon the rate at which free molecules are liberated at the 
interface between the crystal and water, and upon the rapidity 
with which the liberated molecules will move away from this 
interface. The reaction as a whole is thus based upon a “‘catenary 
series’ of successive reactions. When the system is heated, it may 
be found that the rate of the whole process is increased and a 
temperature coefficient may be calculated. Now it is obvious that 
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temperature might have affected either of the two partial processes 
in a different way and the question arises in which way. In this 
special case, the system may be stirred or agitated so that the 
diffusion shells around the crystal are steadily destroyed and 
free molucules now move away at a speed much greater than in 
the first case, and independently of temperature. If the experi- 
ment, thus modified, reveals a temperature coefficient identical 
in value with that previously found, it is to be concluded that in 
both experiments we are faced with the phenomenon of tempera- 
ture action upon the rate of liberation of molecules. If, on the 
contrary, the temperature coefficients are unlike, it will be obvious 
that we have a temperature coefficient of diffusion velocity 
in the first case and a temperature coefficient of liberation of 
molecules in the second. 

It may be safely concluded that vital phenomena are also 
‘based upon catenary series of reactions, which, however, are 
more complicated than that just discussed. Even when dealing 
with very simple phenomena, such as for instance haemolysis by 
hypotonic solutions, at least two separate factors must be taken 
into account, the rate of water permeation, and the mechanical 
properties of the cellular surface, which, too, is modified by 
temperature. Yet in the greater majority of cases the vital pheno- 
mena are based upon still more complex chains of reactions, 
some of which certainly are “physical” in nature, involving 
especially the transport of the material from without to the cell 
surface, through this surface, through cytoplasm, and the ab- 
sorption processes, the other reactions involved being of a chemical 
character: chemical combination, substitution, splitting, oxi- 
dation, reduction, etc. 

Let us consider more closely an ideal case of a catenary series 
composed of two processes occurring at velocities D and K re- 
spectively, whilst the velocity of the whole reaction is W. Say 
that D is a diffusion process, which yields material for a combining 
reaction K. Let us suppose further that temperature accelerates 
both of these processes in unlike degrees, the first being associated 
with a Q,) = 1.1, the other with a Qi) = 2. Now two different 
cases will present themselves according to the relative velocities 
of the two processes. Supposing that the diffusion is rapid 
(D =10 at 0°) and the combining process slow (K = 2), the 
resulting Qj) of the whole catenary series will be as follows: 
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Table XX VI 
ne ee oe ee ee ree 
+? D K Ww Quo 
0° 10 2 2 2.0 
10° ilu! 4 4 2.0 
20° 12.1 8 8 i bee 
aXO)o 13.3 (16) 13.3 Abi 
40° 14.6 (32) 14.6 | 
50° 16.1 (64) 16.1 


In this case, from 30° onwards D cannot keep pace with K, and K 
therefore is limited by D, on which it depends. There will be 
found a double value of Q,) with a break at 20—30°, which is 
a ‘critical’ temperature, at which the process D becomes the 
“limiting factor’ or “master process” of the whole. Yet it may 
occur that on the contrary D is slow in relation to K. Say that K 
again is 2, but Dis 1. In this case the resulting value of Qj, 


will be: 
Table XXVII 

t° D K Ww o= 
Cori 1 (2) 1 Ll 
10° | 1d (4) 11 11 
20° | 1.21 (8) 1.21 11 
30° | 1.33 (16) 1.33 Ll 
40° || 1.46 (32) 1.46 11 
50° |= (1.61 (64) 1.61 


Here then a single value for Q,) will be found throughout the 
whole temperature range, equal to the value associated with the 
process D. 


This scheme to which of course could be applied any of the 
temperature coefficients discussed in Chapter II, provided they 
are constant for the basic processes in consideration, is of much | 
importance for the understanding of the principal theories of 
temperature action in biology. It was proposed in its original 
form by Biackman (1905), J. Logs (1912), Pirrer (1914) and 
OstERHOUT (1917a). Limitations of its use have been discussed 
by Briss (1926), its application to inorganic chemistry especially 
by HiNsHELWoop (1926). (See also Guasmr 1924.) 
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3. Classification of biological processes into “physical’’ 
and “chemical” 


We have just seen (IV. 2) that vital phenomena may be concei- 
ved as being based upon a “catenary series’ of reactions. In 
any such series the actual velocity of the whole is determined by 
the velocity of its slowest member. It would thus be possible to 
compare the values of temperature coefficients in various vital 
activities and to identify the intimate biochemical basis of different 
processes. 

The first to attempt to draw such conclusions in biology 


was VERNON (1895a), who found long before the Qj -rule came 


into common practice, that temperature affected pulsation 
frequency and oxygen consumption in Medusa in different 
ways. The idea gained ground especially when SNYDER 
(1905, 1907a, 1908a, 6, 1911) argued that the heart beat was 
chemical in nature because it gave a high Q,,, while the con- 
duction of nervous impulse was of a physical nature because 
it yielded a low Q,,). These conclusions were based on the generally 
admitted assumption that the diffusion process and other physical 
phenomena depend but little on temperature and thus give low 
values of Qj), while chemical reactions give’a Q,, greater than 


two. SNYDER’s (19086) study also brought the rather unexpected 


result that water permeation through frog skin is connected with 
a Qi = 2.0—2.5. Hence the conclusion that water resorption is 
due to a chemical and not to a physical mechanism. SNYDER 
(1908, 1911) also expressed the idea that in cases where unlike 
values of Q,, are found at different temperatures, the reaction is 
based upon several distinct processes. 

These views gained much popularity in the subsequent 
years and many workers investigated temperature coefficients 
with the view to obtain information as to which processes are 
based upon a physical, and which upon a chemical mechanism. 
This work is connected with the names of MAaxweLu (1907), 
K. Lucas (1908—1909), RoBeRTson (1908), SUTHERLAND (1908), 
J. Lozs (1908a, 1912), Moors (19106), Ruremrs (1911), J. Lozs 
and WASTENEYS (1911), Preer (1912), Warpure (1914), PUTTER 
(1914), OsrerHouT (1914, 1917a), ADRIAN (1916), SEREBROVSKIS 
(1916), BRorMsER (1921), GarRey (1921) and many others. 

In connection with this work it was often found that pro- 
cesses which might have been conceived a priori as being of a 
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physical nature, yielded high values of Qio, and it became usual 
to conclude that they are in reality based on a chemical reaction. 
Besides the conclusion of SNYDER quoted above, that the resorp- 
tion of water by frog skin has a chemical basis, similar views 
were accepted by W.Sritus and JORGENSEN (1915) for the 
permeation of HCl into plant cells, by Crozimr (1922) for the 
permeation of the same acid into certain animal cells, by M. Irwin 
(1925) for vital staining, by E. and H. Ge~iHorn (1926) for the 
transport of certain dyes through animal membranes, and by 
Hoacuann, Hipparp and Davis (1926) for the accumulation of 
Br in Nitella. 


Yet such conclusions, though repeatedly arrived at by 
various authors, are rather problematic. As a matter of fact 
Boycott as early as 1902 claimed that it is not possible to recognize 
the nature of the process from its mere response to temperature, 
and similarly K. Lucas (1908) has pointed out that a high value 
of Qj) does not with certainty exclude physical mechanism. 
Also Kantrz (1915) has laid stress upon the fact that some physical 
phenomena, for instance the viscosity of very viscous liquids, 
give high values of Qj). There is now plentiful evidence on hand 
that many phenomena, even when certainly based upon a physical 
mechanism, have a high temperature coefficient. This point will 
be discussed in full later ([V.7). It may suffice here to state 
that the discrimination between “physical” and “‘chemical’’ pro- 
cesses in biology by means of temperature coefficients has no 
real basis and that it should be abandoned. 


4. Identification of vital processes and of their 
biochemical basis 


When one and the same biological process gives two or more 
different temperature coefficients under various conditions, three 
different explanations are possible: either that the formula used 
does not adequately express the relation between temperature 
and velocity in that particular case, and another type of 
formula should be tested; or, if the formula holds good, that 
the value of the temperature coefficient is modified by the con- 
ditions at which the reaction takes place; or, finally, that there 
are two or more distinct reactions on which the whole process. 
is based under varying conditions. 
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, From what has been said in the two preceding chapters it 
is clear that the last of these explanations is the least probable 
and that the first two possibilities should be excluded before 
recurring to the third one. Yet it was and still is a common 
practice in many investigations to admit the last of the hypo- 
theses without testing the first two. 

Thus when it is found that Q,) in respiratory movements 
is unequal in abundance and in lack of O,, it is not necessary to 
conclude that there are two nervous mechanisms in play, the 
one for low and the other for high O, pressures, but it may be 
that there is a single mechanism, based upon a definite series of 
protoplasmic reactions, whose Qj, is modified according to the 
amount of oxygen at hand (BaBAK and RoéEK 1909; see also III. 6.) 
Similarly, when various Q,,-values for heart beat frequency are 
established in different stages of development, it is not admissible 
to suppose that the heart beat is governed by several various 
sets of reactions at different stages, before it is shown that the 
variations of Q,) with age are not systematic and continuous, 
but abrupt (see CesANna 1912, GARREY 1920, CRozIER and STIER 
19276, Parpart and GLASER 1930). — The same remark applies 
as well to some recent explanations of individual variability of 
temperature coefficients (FEDERIGHI 1930). 

The idea that it would be possible to reveal the biochemical 
mechanisms of vital processes by means of their temperature 
coefficients is to be ranged into one and the same line of thought 
with the concept that it would be possible to reveal by the same 
method whether a process is “chemical” or “physical” in nature 
(see IV.3). In studying the literature from the first fifteen years 
of the present century one may easily trace the genetical relation- 
ship between these two principles, the first of which evidently 
is only a less daring expression of the other. Among the prot- 
agonists of the hypothesis that the numerical value of Qyo is con- 
nected with the biochemical nature of vital activities were SNYDER, 
J. Lozs, Lucas, Moors, Bask an Roéexk, CesaNna, ADRIAN and 
many others. The appearance of the majority of these papers 
coincides with the years during which the use of Qj) and its 
theoretical implications were very popular. Yet the idea has not 
been forgotten since and has been developed of late with emphasis 
by Crozrpr and his adherents in connection with the use of the 
ARRHENIUS formula (see especially: CRozIER 1924—1926, CROZIER 
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and collaborators 1924—1931, Briss 1926, L.A. Brown 1926, 
CastLE 1928, Corn 1925—1926, Cote and ALLison 1929, FEDE- 
RicgHI 1929—30, Frres 1926, GLAsER 1924—29, Hecur 1926—28, 
Naveuz 1928—1931, Orr 1925, ParPART and GLASER 1930, PINCUS 
1931, RrcHarps 1928, SNypER 1931, STEINER 1932, STIER 1933, 
Srrer and Prncus 1928, Stier and WoLF 1932, Tana 1932a, 6, 
WotF 1932, etc). 

To this renewed idea, however, CROZIER made an important 
addition. First, he systematically uses the ARRHENIUS formula 
(II.7), which he believes to agree more closely with the observed 
data than does the Qjo-rule. Second, he applies the theory of this 
formula, according to which the constant ~ denotes the heat of 
activation involved in the given reaction and characteristic for 
a definite catalyst, to biological phenomena, and he thinks that 
various processes, in which the same or a similar value of yw is 
found, may be conceived of as being based upon one and the same 
biochemical mechanism. So he concluded (1924c) that processes 
associated with ~ = 16,700 are based upon oxidations produced 
by iron dehydrogenation, while those yielding a ~ = 11,500 are 
based upon oxidations induced by OH’, and those in which 
= 20,000 upon oxidations by means of H-ions. 

There is still a third point in CrozrmR’s hypothesis, 7.e. that for 
one and the same process various magnitudes of are often found 
for different temperature intervals. The value of uv is thus found 
to change abruptly at a definite temperature, which is “‘critical’’. 
This is explained by Crozier by the assumption that in the ‘‘ca- 
tenary series” of reactions (see [V.2) underlying the process in 
question, different members may become slowest at different tem- 
peratures, and that they thus limit the velocity ofthe whole chain. 

Against the views of CrozimR and of his followers some authors 
have offered criticisms (HEILBRUNN 1925, BELEHRADEK 1928), 
1929, 1930a, H. W. Harvey 1928, Emerson 1929, FutmEr and 
Bucuanan 1929, D. E.S. Brown 1930a, Guruart 1930, Hat- 
DANE 1930, KuRBaTov and Lronoy 1930, PonpER and YEAGER 
1930, YAMAmMoTo 1931). The answers of Crozrmr and of his 
pupils, which must be read in the original papers (CRozIER and 
Navez 1931; Navez 1931; see further BELEHRADEK 19325), 
naturally tend to support the original views, but there still remain 
some facts which make Crozrmr’s hypothesis extremely doubtful. 
The fundamental objections are summed up as follows: 


eli 
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(a) As to the assumed advantages of the ARRHENIUS’ formula, 
we have seen above (II.7) that these are non-existent, because for 
the short range of biokinetic temperatures this formula may be 
simply reduced to the Q, -rule. 

(6) It is true that in modern chemistry there is a tendency 
to attribute to the constant the significance of the heat of acti- 
vation, which is different for different reactions and which also 
varies with the nature of the catalyst, but it must be kept in 
mind that this way of facing the problem is only one of several 
admissible hypotheses now discussed in chemistry (see especially 
Rick and Urey 1931). It would certainly be premature to 
introduce any of these theories into biology until the problem 
is sufficiently cleared up in chemistry. 

(c) Even if this theory proves correct in chemistry, it could 
not yet be applied to living activities, because the value of yu 
certainly varies with many internal and external factors, the 
chief of which have been enumerated in the preceding chapter. 
One can scarcely hope, therefore, that the ~ of one and the same 
protoplasmic activity would be constant enough to allow a com- 
parison and a classification of processes. Even Crozier and his 
adherents themselves (CRozIER 1926a, 6, CRozImR and STIER 
1926a; GLASER 1929) are obliged to admit that the values of u 
may be modified for chemical reasons, that they greatly vary in 
different individuals of the same species and that they also can 
be ‘‘distorted’”’ by purely physical agents (GLASER). The question 
however arises as to how important these “distortions” actually 
are and whether they attain such a degree that the real values 
of yw would be entirely veiled. As far as our present knowledge 
reaches, such a state of affairs is to be expected. 

(d) The fact that different values of ~ are often found for 
various temperature intervals which are limited by “critical 
temperatures’, is clearly connected with what is known to occur 
with the Q,). There are no sudden “breaks” in the temperature- 
velocity curves, be they constructed by the method of or by 
that of Q,), but these values vary with temperature in a pro- 
gressive and systematic way not only in enzyme action, but also 
in protoplasmic processes (see IT.5, 7). The frequency of “‘critical 
temperatures” alone is so great that practically any temperature 
may be conceived of as critical in this sense. CROZIER (19266) 
quotes the following as the most frequent “critical temperatures” : 
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4.59, 99, 15°, 20°, 25°, 279, 30°. The straight lines, which in 
CRozrIER’s representation yield various values of yw, are simply 
tangents to a more complex curve, which are drawn more or less 
arbitrarily. This can best be illustrated by the fact that a single 
temperature coefficient properly chosen suffices to describe the 
relation where two or more values of w are found, as shown by 
Figs. 11—12 (see p. 22). Likewise the results of E. G. Martin 
(1904), from which CrozrErR (1924c) calculates two different values 
of , are represented with sufficient accuracy by means of a single 
value of b (see fig. 16, p. 28). 

It will be interesting to recall that a similar controversy arose 
between SNYDER and E. N. Harvey (1911) as to the occurrence 
of ‘breaks’ in Q,) curves. Harvey argued that Q,,) cannot be 
used for a classification of the reactions, which are at the basis 
of vital activities, because similar variations of Q,) with tempe- 
rature, which are known also in enzymes, are continuous and not 
sudden. The same remark must likewise be applied nowadays 
to the work of CrozrEeR and of his collaborators. 

(e) The only argument which might be quoted in favor of 
these views, is the numerical identity of temperature coefficients 
in many biological activities with those in many chemical reactions. 
But this identity is often very doubtful, because Q;) and yw vary 
with the temperature chosen, and even if it were not so, there 
is a possibility that the same value of temperature coefficient 
is associated for example with phenomena of diffusion. 


5. Photochemical reactions in biology 


It is generally believed that photochemical reactions are 
independent of temperature, giving thus a Q,) =1 or slightly 
over I, as first suggested by GoLDBERG (1903). But it has been 
shown by Papoa and Mrye@antr (1915) that the Q,, changes in 
value with the wave-length of the absorbed light, and that it 
may even attain a value of 1.50—1.75, especially in the presence 
of sensitisers. 

It would be out of place to discuss here the general theory 
of photochemical processes in chemistry. A very intelligible 
review of the current views may be found in H. S. Taytor’s 
treatise (1931). 

The most important point in these theories undoubtedly is, 
as regards the biological temperature problem, that the magnitude 
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of Q, should increase with decreasing wave-length (A). This is 
postulated by the formula of Perri: 


6,2 


cee lamer er on 
° log Qio* Ty (7, + 10) (XXVIII) 


in which g is a constant and 7 the temperature. The following 
table contains Q) values of various photochemical reactions in 
biology: 
Table XXVIII 
ee SSKN——_e eee 
j 
Reaction | Author Quo 


(a) visible light: 


Bleching of retinal pigment .. . S. Hecur (1920) 1.0 
Threshold of visual process in 
Mya arenaria ....... 8. Hecur (1920) 1.05 
Photolysis of luminescent granules 
teak (Oi ig ee ran A. R. Moore (1926) 1.1—1.3 
(b) ultraviolet rays: 

Stimulation of Cyclops ..... V. Henri and 

V. Henri (1912) ~1.0 

* Killing of yeast cells... ... Livers and 

CuristopyH (1923) bay 

inlimp sof infosoria - =... . L. Hity and 
Epenow (1924) 1.20—1.60 

Browning of leaves. ..... . M. T. Martin and 

WestBrook (1930) _| ~1.0 
Killing of Staphylococcus. . . . Gates (1929) 1.10 

(¢€) x-rays: 

Destruction of eggs of Ascaris (0,7A) DoGnon (1925) 1.50 
Destruction of eggs of Ascaris (0,44) Dognon (1925) 1.61 
Destruction of eggs of Ascaris. . . HourHusen (1921) 1.5—2.3 
Destruction of chickembryo.. . ANCEL and 


WINTERBERGER (1925) | about 1.0 


Though there seems to be a general trend in these figures to 
follow the theoretic rule, it cannot be said that Perrry’s formula 
is fully satisfied. In addition, there are many processes known 
in biology in which a high Q,, value is found in spite of the 
réle played by light in them, for instance in photosynthesis (see 
OstmRHoutT and Haas 1918), phototropic responses, appearance 
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of skin erythema on irradiation by ultraviolet rays (L. Hin and 
ErpENow 1924) and many others. In such cases it is generally 
admitted that the process again is based upon a catenary series 
of reactions, the photochemical reaction being one of them, and 


Fig. 29. Qj) of the du- 
ration of mortal exposure 
to ultraviolet light of in- 
fusoria decreases in value 
with the intensity of 
radiation. 
(Calculated from results of 
Hitt and EIpENow. ) 


Ti 1000 2000 3000 
square of distance 


that the rate of the whole is limited by another “‘master process’, 
which is not photochemical in nature (OsTERHOUT and Haas; 
EMERSON and ARNOLD 1932; S. Hecut 1920, 1926). 

It is interesting to note that, from the experiments of L. Hm 
and ErpENow on the rate of killing of Infusoria by ultraviolet 
light, a definite relation between Q,,) and intensity may be derived 
(see fig. 29): 

Table XXTX 


Distance Relative 

(inches) intensity Qr-20° 
12 694 3.84 
24. 174 SOD 
36 | Tha 3.09 
48 43 2.48 


One of the most recent hypotheses on the kinetics of chemical 
reactions is that maintained by TrRauTz and PERRIN (see Rick 
and Urny 1931) according to which the ordinary or “dark’’ 
reactions are produced by infra-red rays, which activate the mole- 
cules. This view has not yet been sufficiently tested in chemistry, 
but in spite of it some workers have already attemped to introduce 
it into biology (Baas Buoxine 1921; SNypDER 1931). Baas 
BEcKING thinks that there is a close agreement between the 
values of Q, predicted by this theory and those found experi- 
mentally in biology, but to obtain such agreement it was necessary 
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to modify the magnitude of @ in PERRIN’s equation given above 
(XXVIII). Also SNypER, who calculated on the same basis the 
number of quanta involved in biological “dark” reactions, finds 
that the experiments agree fairly well with the theoretic values. 

However interesting such attempts appear, they certainly 
are at least premature in regard not only to the present state of 
our biological knowledge, but also to the state of contemporary 
discussions in chemical kinetics. Besides, it is highly questionable 
whether such constants as Q,) and yw, which in biological ‘dark’ 
reactions greatly vary with temperature, could ever become the 
basis of a serious comparison for similar purposes. 

Values of Q,, for photochemical reactions in biology have been 
tabulated recently by Kanrirz (1925) and by Krticrr (1931). 


6. SKRABAL’s hypothesis 


SKRABAL (1916) has established an empirical rule according 
to which a close relation exists between the reaction velocity 
and its temperature coefficient. Chemical reactions, which pro- 
ceed at high velocity, have low temperature coefficients, whilst 
in slow reactions temperature coefficients are high. SKRABAL also 
has shown that when a reaction is slowed by a negative catalyst, 
its temperature coefficient rises, and vice versa. Also photochemical 
reactions follow this general rule, as they are almost independent 
of temperature because of their great velocity. When the same 
reaction occurs slowly without light absorption (“dark” reaction), 
the temperature coefficient accordingly is high. For further 
examples and for a more detailed discussion of the theory, the 
original paper of SKRABAL must be consulted. 

SKRABAL at the same time has given some examples to show 
that the rule applies as well to biological phenomena. He has 
pointed out that rapid processes, e.g., nervous conduction, yield 
low temperature coefficients, whereas in growth, development 
and in other slow phenomena the temperature coefficients are 
high. F. and G. WEBER (1916) have demonstrated that this rule 
applies to the viscosity of protoplasm as modified by temperature. 
In highly viscous protoplasms the effect of temperature is more 
important than in liquid ones. 

Though the relation between the importance of temperature 
action and the velocity of vital processes was discussed as 
early as 1872 by Rosspacu and later by SEREBROVSKIJ (1916), 
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nobody has as yet attempted to test the validity of SkRABAL’s 
views on a more satisfactory number of biological processes. 

It is not difficult to collect numerous data to test the 
hypothesis. We have seen above (IIT. 13) that muscles which show a 
“rapid” excitability yield lower values of 6 than those which may 
be called ‘slow’, according to Firron. In the same connection the 
experiments of TayLor and ALVAREZ have been quoted, which, 
too, seem to support SKRABAL’s idea. ZAVADOVSKIJ and SIDOROV 
(1927), apparently without knowing SKRABAL’s work, give the 
following figures which are in agreement with the theory: 


Table XXX 


q Echinus | 3 
L | Stjonieylor| Rane Sphaer- inisres | chanel Ascaris 
Species | eentrotus | butyrrhina echinus aha sp | megalo- 
ieraee | granularis miicead 5 | cephala 

Rate of cleavage . | rapid > > | = = | slow 
Qy of cleavage. . | 182 | 2.1 oy eae ee 3.63) ab 


Undoubtedly many other similar instances could be quoted 
from the biological results now at hand, but it is more important 
to show that there are likewise numerous cases in which the data 
do not agree with the theory. Table XX XI contains some figures 
on heart beat frequency in diverse animals, tabulated in increasing 
order of frequency, which clearly show that there is no absolute 
relationship between the rate and its temperature coefficient. 


Table XXXT 
| Heart-beat 
Species ae b Authority 
ess at 20 
aie a oe sere | 0. 37 1.46 | Garrey 1920 
Terrapene clausa, 0,11 % KCI sll 2 4.70 | E.G.Marrrn 1904 
FAT OU ONG ina ae eh 2.3 1.18 | Koon 1917 
Terrapene clausa, Sichout KCI. | 14 0.84 | E.G.Martin 1904 
Mua Grenaridi. 2 4 6s el 15 1.64 | E. Yune 1888 
Nereis virens ... . %| 17 1.60 | Rogers 1911 
Terrapene clausa, 0 08% KC 1 ai 17 2.80 | E.G.Martin 1904 
DUES AMOPYOSs 6 % 5 5 6 A all 20 | 2.92 | InuKar 1925 
Helix pomatia, winter... .| 26 1.28 | Yune 1888 
Terrapene clausa,normal . . . 28 3.14 | E.G.Marrin 1904 
Lacerta agilis,embryo5mm. . | 28.3 1.88 | ANDERSEN 1929a 
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| Heart-beat 
Species | ee b Authority 
| at 20° 
Lymnaea auriculata, adult. | 29.6 1.76 | RicHarp 1888 
Xenopus laevis : 31.6 1.54 | A. J. CrarK 1921 
Hynobius lichenatus, hve 33 1.15 | InuKazr 1925 
Clemmys marmorata . 34.5 142 | SnypER 1911 
Rana temporaria 37.5 1.04 | A. J. CrarK 1921 
Rana temporaria : 40 1.19 | A. J. CrarK 1921 
Lymnaea auriculata, young . . | 40 1.76 | Richarp 1888 
Lacerta agilis, embryos 10 mm. 42.5 2.02 | ANDERSEN 1929a 
Rabbit . 43.5 1.96 | A. J. CrarK 1921 
Phyllirrhoe . aa 46.5 1.28 | SnypER 1907b 
tLe POMGHG. . . . . s 50 1.00 | Ricnarp 1888 
IE x a a an 51 2.25 | Britton 1922 
Lacerta agilis, embryos 11.5mm__ 56.3 2.40 | ANDERSEN 1929a 
OG LOD OLES oo goes ok 8: 68 1.05 | Barattiron 1891 
Helix pomatia, summer . . . 87 1.19 | Yune 1888 
Fundulus heteroclitus, embryos . 93.7 1.58 | GuAsER 1929 
Fundulus heteroclitus, embryos . 97.4 1.48 | LozB and Hwarp 
1913 
Trutta fario, embryos 10 mm 108 1.05 | ANDERSEN 1929b 
Trutta fario, embryos. 120 1.06 | Basix 1912 
Trutta fario, embryos 20 mm 142 1.19 | ANDERSEN 1929b 
Ceriodaphnia . 180 1.14 | Ropertson 1906 
Daphnia pulex 214 1.00 | BELEHRADEK 1929 
Daphnia magna, female 256 1.10 | MacArtuur and 
Bariyire 1929b 
Daphma magna, male . 330 1.26 | MacArtaur and 
Bartyie 1929b 


The empirical rule suggested by SKRABAL therefore cannot 
be said to hold good in biological processes, except in a very 
general way. 


7. Possible role of diffusion and of viscosity 


In the kinetics of chemical reactions two different cases must 
be distinguished, viz. reactions in homogeneous and in hetero- 
geneous systems. A heterogeneous system is characterised by 
the presence of phases, which are separated by interfaces. Living 
matter is a heterogeneous system, and the laws which have been 
established for such systems necessarily aply to it. 
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In heterogeneous systems reactions take place at the 
interfaces. Their net velocity will depend not only on the 
rate at which the chemical change itself occurs at the interface, 
but also on the rate at which the necessary material is carried 
to the interface, and on that at which the products are removed 
from it. The fundamental notion of this relation is due to NERNST 
(1904) and to BrunNnzER (1904). Any reaction of this sort may be, 
in the simplest case, represented by the following scheme: 


De K D: 
> > -----> 


in which D, and D, denote the diffusion process to and from the 
interface respectively, and K the chemical process itself. 

From what has been said with regard to the catenary series 
of reactions (see IV.2), it is clear that the net velocity of the whole 
chain depends on the rate of the slowest stage. It may be that 
diffusion is the slowest process, but it may also be that it is 
quicker than the reaction itself. In the chemistry of pure sub- 
stances it is often possible to distinguish between the two cases 
by investigating whether stirring has or has not an effect upon 
the rate. It is known that the velocity of diffusion is proportional 
to the 2/3 or 4/5 power of the velocity of stirring (BRUNNER 1904; 
H. 8. Taytor 1931). Thus when it is found that stirring increases 
the velocity of the process, it may be concluded that the latter 
is governed by the rate of diffusion (see [V.2). In protoplasmic 
reactions such a test generally cannot be undertaken, yet there 
are some experiments now at hand which show that some processes 
are in fact dependent on the rate of protoplasmic streaming 
(BizRBERG 1909; yet compare Kox 1931) or on the rate of stirring 
the medium (PFEFFER 1886, STEWARD 1932). There are, further, 
many mechanisms in living bodies, which accelerate the diffusion 
of reacting substances by streaming, stirring or agitation (respira- 
tory movements, peristaltic movements, circulation of blood, etc.), 
thus suggesting that the velocity of the respective processes is 
limited by too slow a diffusion. 

The viscosity of the protoplasm and of its constituents gives 
special reason to suspect that the diffusion might be the slowest 
process in protoplasmic chains of reactions. As a matter of fact 
this was often admitted even in the earliest investigations and in 
spite of a complete lack of satisfactory evidence the idea never was 


cad 


THEORIES OF TEMPERATURE COEFFICIENTS 61 


entirely abandoned (BLAcKMAN 1905, Batis 1908, SUTHERLAND 
1908, SNYDER 1909, 1911, CoHeN Stuarr 1911, RutoErs 1911, 
VAN AmsTEL and ITrrson 19115, Pirrer 1911, 1914, CzapEK 19138, 
Masine 1914, Warspure 1914, TRavuBE 1914, SeEREBROVSKIT 1916, 
F. and G. WEBER 1916, OsteRHOUT 1917a, Baytiss 1918, DHAR 
1920, FENN 1922a, Przipram 1923, WarBuRG 1923, Jacoss 1924, 
PANTIN 1924, FaurRi-FREeMrIET 1924, HEILBRUNN 1925, A. V. Hina 
1928, K. Meyer 1930, ete.). — For the special case of permeability 
as dependent on protoplasmic viscosity, see KRABBE 1896, SPAETH 
1916, OstERHOUT 1916, StrmEs 1924, H6FLER and WEBER 1926, 
HUBER and HOFLER 1930. More recently BELEHRADEK (1926¢ — 
19326) has attempted to show that there is now much evidence 
in favor of such views. He juxtaposes the “chemical” theory of 
temperature coefficients to the “physical” one and thinks that 
the velocity of protoplasmic processes is always or nearly always 
limited by the low diffusion velocity in viscous parts of the 
protoplasm. 

Before entering into the discussion of this possibility, it will 
be necessary to consider more closely the viscosity, the diffusion 
'and the reaction velocity in their mutual relations. 

The relation between viscosity and diffusion is described by 
the well-known formula of EINSTEIN and SMOLUCHOWSEI: 
be RT 1 

N 6 4 7 (X XIX) 


D= 


in which D is the diffusion coefficient, R the gas constant, NV the 
Avogadro’s number, 7' the absolute temperature, 7 the viscosity 
and r the radius of the diffusing molecule. This formula has often 
been found to be sufficiently accurate and the rate of diffusion 
may be considered as being inversely proportional to the viscosity. 
For some special cases, however, corrections appear unavoidable, 
especially for the diffusion of electrolytes in water and in watery 
media (PISSARJEWSKI and Karp 1908; see also Harscuyk 1928). 
Stites (19306) has objected that this formula cannot be used as 
a basis of theoretical speculation in biology, because it does not 
embrace with uniform accuracy all the diffusion phenomena 
observed. It must however be borne in mind that in spite of 
such irregularities the general conclusion still holds good that 
diffusion does depend on viscosity, even when more complicately 
than is postulated by the formula (see BELEHRADEK 19320). 
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There is only one evidence of this relation as far as proto- 
plasm is concerned, namely the results of Drerricn (1929), 
showing that protoplasmic viscosity, evaluated by means of 
the Brownian movement, determines the rate of diffusion of 
chrysoidine in fungal filaments. 

As to the relation with the reaction velocity itself, there is 
now available in chemistry extensive indication that viscosity 
affects the net velocity, whenever the diffusion process is slower 
than the reaction (BucHBOCK 1900, NERNsT 1904, BRUNNER 1904, 
Scuitow and PuDOFKIN 1910, GRUMELL 1911; see also the reviews 
of Kremann 1928, p. 271 and of H.S.Taytor 1931, p. 1019). 
Also in enzyme action studied in vitro the rate is dependent on 
the viscosity, at least in some cases, whilst in other cases no such 
relation has been detected. It is probable that under different 
experimental conditions diffusion may or may not become the 
slowest “‘link”’ (see especially HeRzoe 1904, ACHALME and BRESSON 
1911, CoLin and CHAavDUN 1922, 1929, INGERSOLL 1926, ACHALME 
1926; compare also KuHN 1924, p. 260 seq.). 

There is however an apparent flaw in the idea that the tem- 
perature coefficients of biological reactions would be identical 
with those of the rate of diffusion in protoplasm, namely the 
low numerical value of temperature coefficients of viscosity and 
of diffusion as compared to those of most biological processes. 
For this reason SNYDER (1909) refused to accept SUTHERLAND’s 
views on the physical nature of the conduction of nervous impulse 
and together with Topp (SNypER and Topp 1911) he studied the 
viscosity of various organic liquids from this point of view. The 
viscosity of cytoplasm, measured by various methods, too, yields 
in the majority of cases Q,) values much lower than is customary 
in biological reactions themselves (see VII. 1). 

This objection however is not sufficiently founded in the light 
of information now at hand. F. and G. WuBur (1916) have pointed 
out that when a process depends on diffusion, which itself is 
associated with a Qi) = 1.2, the resulting Qj, of the whole process 
will be equal to 1.24 = 2.07, as is postulated by PirrEr’s principle. 
Furthermore it must not be forgotten that what we are measuring 
by the direct viscosimetry in protoplasm concerns the most liquid 
phase of living matter, and that probably the viscosity of other 
protoplasmic phases of higher consistency would be dependent on 
temperature to a more important degree, as is the case in highly 
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viscous bodies in general (see the next paragraph). This applies 
in the first place to the regions adjacent to phase boundaries, 
where the cytoplasm may become highly condensed. It was 
first pointed out by Kanrrz (1915) that some cases of diffusion 
and of viscosity are characterised by a high Q,). As a matter 

_ of fact, the notion of low Qyo values of diffusion velocity is 
almost entirely derived from the study of electrolytes and other 
simple substances diffusing into water or into jellies of high water 
content. But Davis and Jonus (1912) have found that the 
electric conductivity of some salts in glycerine yields Q,), = 2 
(between 25° and 35°). As found by GuLpBERG and Waaaez, 
the rate of dissolution of a metal in concentrated HCl, too, is 
accompanied by a high temperature coefficient (p. 68). Thus a 
high Q, does not ensure that the underlying process is not diffu- 
sion — a conclusion reached even by some earlier investigators, 
quoted above (p. 50). 

Many recent workers are now inclined to admit that biological 
processes which are associated with a high temperature coefficient 
still may be based upon diffusion. M. Irwin (1926), speculating 
as to the nature of the intra-vitam staining, claims that a high 
Qo, which she found in some cases, does not exclude diffusion 

_ as the underlying process. The most striking confirmation however 
is that furnished by McCurcHeon and Lucksé (1926, 1927). 
These investigators studied the kinetics of water endosmosis and 
exomosis in the eggs of Arbacia punctulata and have stated that 
the process gives a Qi) = 2 to 3, or a uw = 13,000 to 19,000, in 
spite of its being clearly dependent on diffusion, as shown by the 
study of the volume change in time. Evidently all the earlier 
conclusions in which a “chemical nature’ was supposed for 
phenomena of permeability when a high Q,) was found, must be 
altered (see also StmmEs 1924, p. 147, 206 seq.). 

. But there still remains another obstacle, 7. e. that some direct 
evaluations of protoplasmic viscosity as a function of temperature 
reveal a more complex interrelation with a marked maximum of 
viscosity in the neighbourhood of 15—16°, beside the habitual 
maxima at very low and high temperatures. These findings will 
be discussed further on (VII. 1) along with some objections (see also 
BELEHRADEK 19326). Suffice it to say here that they cannot be 
regarded as being of a general significance for any kind of cyto- 
plasm. Besides, it is to be noted that they again concern only 
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the most liquid phase of living matter and that viscosity, taken 
as obstacle of free flow, may essentially differ from viscosity 
taken as obstacle of free diffusion (see VII.1). Furthermore in such 
phenomena, which almost certainly are intimately connected with 
cytoplasmic viscosity, as for instance in amoeboid movement 
and in protoplasmic streaming, no maximum at 15—16° can be | 
revealed (see HEILBRONN 1922, Pantin 1924). HEILBRUNN (1928) 
quotes from Crozier (1924c) that in the vicinity of 15° some 
deviations occur from the theoretical temperature-velocity curve 
in Arrhenius’ representation, and he thinks that they should be 
attributed to the maximum of viscosity found at that temperature. 
But Crozier has given many other similar “critical” temperatures 
(see p.53—54) and one might similarly suppose that any of them is 
based upon an analogous maximum. There ought thus to be revealed 
as many maxima of viscosity in protoplasm as “critical” tem- 
peratures found in a given process. Besides, we have seen that 
the notion of “‘critical temperatures” is highly questionable (IV .4d). 
The W-shaped curve of HEILBRUNN and others cannot therefore 
furnish any obstacle to the view that the viscosity of various 
protoplasmic phases greatly retards the diffusion and that the 
latter may often be the “master process” of the chain of bio- 
chemical reactions. 


8. Time-factor in the action of temperature upon the 
viscosity and upon the rate of biological processes 

As there is no possibility of measuring directly either the rate 
at which various substances diffuse to and from the protoplasmic 
interfaces, or the real velocity at which biochemical processes do 
proceed at interfaces, both hypotheses, the ‘‘chemical’’ and the 
“physical”, appear equally justified. In principle the “chemical” 
hypothesis supposes that the diffusion is more rapid than the 
reaction itself, whereas the “‘physical’’ one supposes on the contrary 
that the diffusion is slower. Though many experimental data on 
the transport velocity of various substances into and from the 
cells show that the diffusion often is very slow in protoplasm 
(see examples in BELEHRADEK 19326), there is no direct way of 
testing the two opinions, unless the rate of biochemical reactions 
at the interfaces can be determined. 

There are however two indirect methods of testing the validity 
of the “‘physical” view, as suggested by BiLEHRADEK (19265, 
19325; see also BELHHRADEK and Mirskr 1932). 
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The first method is based upon the study of the time-factor 
in the action of temperature in biology. It is generally known 
that the viscosity of hydrophile colloids at a given temperature 
changes a long time after the temperature equilibrium has been 
reached. This property of colloids was studied in particular by 
J. Lors (1922), although it was known before. Nobody as yet 
has attempted to examine systematically the protoplasmic vis- 
cosity from this standpoint (see WEBER and HOHENEGGER 1923). 
But if it is true that the velocity of vital processes is governed 
by the rate of diffusion in a viscous collodial medium, it must 


Fig. 30. Time-factor in the 
action of cold upon the 
frequency of the heart in 
larval trout. Abscissa: du- 
ration of the experiment, 
in hours. Ordinate: time 
required for one heart revo- 
lution, in seconds. Arrows 
to indicate the moments of 
temperature change, which 
was sudden 
(BELEHRADEK 1928 c¢). 
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' be expected that when a living system is cooled down to a given 
temperature, the velocity of its activities will not remain constant 
as the temperature equilibrium is established, but that it will 
continue to decrease for some time. BELEHRADEK (19284, c) has 
shown this to be the case in two instances studied by him; wiz. 
in the heart-beat frequency of Daphnia (1928a) and in that 
of the larval trout (1928c). Fig. 30 is reproduced from the last 
mentioned paper. The temperature at which the time-factor 
appeared, was +4.5° in the first case and +-0.8° in the second, 
and the time-factor observed was one to several hours and 20—40 
minutes, respectively. It is interesting to note that on replacing 
the animals in the higher temperatures, the heart frequency 
returned to the normal without any appreciable time-factor. This 
feature also seems to exclude the possibility that the phenomenon 
might be ascribed to a slow thermal equilibration, or that it is 
due to the effect of accumulation of by-products in protoplasm. 

It appears also that some data from earlier literature may 
be quoted in support of the view. AskENasy (1890) saw that the 
velocity of growth in germinating maize decreased 2—5 hours 
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after cooling the plants to a definite temperature. According to 
IsHrkawa (1913), an Amoeba, when cooled down to 0° C, assumes 
a spherical shape only after one hour. Bianco (1916) has pointed 
out that the rate of CO,-production in some plants depends not 
only on the temperature, but also on the time elapsed. A similar 
suggestion has been made by KuisPER (1910). Yet these findings 
in plants were criticised (DE Borr 1927) as being due to imper- 
fections of technique. They could also be ascribed to changes 
in chemical equilibria, which probably occur slowly. — Further 
similar instances will be quoted in IX. 5. 

Yet it is desirable that a greater number of similar instances 
be presented before a definite conclusion is reached. 


9. Temperature coefficients as indicators 
of protoplasmic viscosity 
The other method suggested by BELEHRADEK for testing 
the “physical” hypothesis is based upon the relation of viscosity 
to its own temperature coefficient. HEBER GREEN (1908; 
compare HarscHek 1928, p. 112seq.) has shown that the 
temperature coefficient of viscosity of saccharose solutions 
increases regularly with concentration and thus with viscosity 
at a given temperature (fig. 31). Although this rule may be con- 
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Fig. 31. Temperature coefficient (a) of the viscosity of sugar solutions 
increases with the concentration in sugar (abscissa) and thus with the 
viscosity itself (HEBER GREEN). 
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firmed by numerous data available on various pure substances 
and solutions, no chemist has paid systematic attention to this 
phenomenon, neither is there any satisfactory explanation at 
hand?), 

BELEHRADEK (1929, 19326) has given several examples com- 
puted from the work of J. Loz on the viscosity of gelatin solu- 
tions as well as from the common tables of physical and chemical 


i] 
G0-5 0,0 5,0 1,0 log Nog + *15,0 


Fig. 32. Temperature coefficient (ordinate) of the viscosity of various 
substances as a function of the viscosity itself (on abscissa). 
1: ether vapours, 2: gaseous hydrogen, 3: air, 4: liquid CO,, 5: ethyl- 
acetate, 6: chloroform, 7: water, 8: 20% sacharose, 9: 40% sacharose, 
10: sulphuric acid, 11: 60% sacharose, 12: 87% glycerine, 13: olive oil, 
14: ricinus oil, 15: 90% glycerine, 16: pitch, 17: colophony 
(BELEHRADEK 19325). 


constants of various substances. There are however many irre- 
gularities on the curve (fig. 32), but for a homologous series of 
substances or for a series of solutions ofa given substance, the 
viscosity (at a given temperature) might be predicted, when its 
temperature coefficient alone is known. 


1) The writer is indebted to Mr. E. Hatscuex, Cambridge, England, 


for this information. 
5 
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It is important to note that an analogous relation has been 
established directly for the rate of diffusion and its temperature | 
coefficient. H. 8. Tayior (1924, p. 989—940) quotes from KoxL- 
RAUSCH (1908) that the temperature coefficient of the velocity of 
diffusion is apparently some function of the diffusion velocity 
itself, and that the greater the ionic mobility, the less is the 
temperature coefficient, and vice versa. Oxnorm has given the 
following figures to illustrate the relation between the rate of 
diffusion and its Qyo: 

Table XXXII 


Qro 
Substance of diffusion 
velocity 
| 
strong electrolytes | 1.27 
SWEENEY cs Ga Ge 1.37 
dextrne .... | 1.41 


Fig. 33 represents graphically another set of OHotm’s data. 
According to GULDBERG and WAAGE (quoting from H. 8. TayLor, 


Fig. 33. 
Qio of the rate of diffusion 
in function with the rate 
(D) itself, according to 
OnOoLM. 


1931), the temperature coefficient of the rate of dissolution of 


a metal in hydrochloric acid varies with the concentration of 
the latter thus: 


Table XXXII 


Concentration (normality) of HCl | 1.3 2.0 2.6 4.0 8.0 
Rate of dissolution at 18° 


Rate of dissolution at 0° | ies Miele kk 

This principle undoubtedly may be applied to the viscosity 
of protoplasm. It has been demonstrated in fact by F. and 
G. WEBER (1916), that the temperature coefficient of viscosity 
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is high in cells whose cytoplasm is very viscous, while in those 
with low viscosity the coefficient is small. Therefore, if it is true 
that the temperature coefficients of vital processes are identical 
with or closely related to temperature coefficients of the diffusion 
velocity, which again depends on the viscosity, it must be found 
that all factors, which are known to modify the viscosity of proto- 
plasm, will also modify the magnitude of temperature coefficients 
of vital reactions. 

In fact we have seen in the preceding chapter that the magni- 
tude of temperature coefficients in biology is often modified by 
various internal and external factors. As the protoplasmic 
viscosity has been found to depend on many such circumstances 
and actions, summarised by F. WEBER (1922) and by HemBrRuNN 
(1927), such a comparison can be made without difficulty. The 
necessary condition however is that a temperature coefficient be 
chosen which is constant for all experimental temperatures — 
a point which has been dealt with in detail in Chapter IT. 

Simultaneous modifications of the protoplasmic viscosity and 
of the temperature coefficients of vital activities take place under 
the action of the following factors (BELEHRADEK 19325): 

(a) Water content. Investigations of B. NEmnc (1901),-H=E1L- 
BRONN (1922), F. and G. WEBER (1916) and Hemsrunn (1928, 
p. 212) have shown that both loss and excess of water increase 
the viscosity of protoplasm. In agreement with this, as we have 
seen (III. 2), the temperature coefficient of the rate of development 
often varies with the water content of the organisms. 

(b) Electrolytes exert considerable influence upon protoplasmic 
viscosity. According to HEILBRUNN (1923) it seems that K 
increases the viscosity of protoplasm in Stentor, and an analogous 
increase in b can be stated for the heart activity (see III.3). Itis 
probable that also other instances of the action of electrolytes 
upon the magnitude of temperature coefficient reported above 
(III.3) may be reduced to the changes of protoplasmic viscosity. 

(c) Narcotics modify protoplasmic viscosity, as is now generally 
admitted, and they also change the numerical value of temperature 
coefficients, at least in some cases (III.4). This may also be 
applied to the action of COs. 

(d) Adrenaline increases protoplasmic viscosity (BAUER 1926) 
and the Q,) of heart-beat frequency (GELLHORN 1926). 
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(c) Caffeine was found by RunnstrOm (19286) and by BANK 
(1932) to modify the viscosity of protoplasm, and by BELEHRADEK 
(1932a) to affect the magnitude of 6 of the cardiac rhythm. 


(f) Light seems to affect the viscosity of protoplasm to an 
important degree, as evidenced by the work of WEBER (1929a). 
Accordingly there are now some instances known in which 
light modifies the temperature coefficient of vital processes 
(IIT. 8). 

(g) Age is generally believed to induce an increase in proto- 
plasmic viscosity. It has been demonstrated above (III. 11) that it 
also often modifies the temperature coefficients of reactions. In 
a few cases however the latter decrease with advancing age. This 
feature cannot at present be sufficiently explained, unless it is 
supposed that at least in some protoplasmic phases there is a 
decrease of consistency with increasing age. ALBACH (1928) has 
actually found a more rapid diffusion of some dyes in old plant 
cells than in young ones. 


(h) Mitosis. The fact, now well established, that different 
phases of the mitotic process are associated with various proto- 
plasmic viscosity (CHAMBERS 1917, HEILBRUNN 1921, SpEK 1924, 
KostorF 1930) is in agreement with the variations of the tempera- 
ture coefficient in the course of mitosis (see IIT. 14). 


(() Thermal adjustment. It has been demonstrated above 
(IIT.15) that the magnitude of temperature coefficients of analogous 
processes increases with the temperature to which the organism 
is adapted. Nobody as yet has demonstrated that a rise in proto- 
plasmic viscosity would be associated with the process of thermal 
adaptation, though H6érstapius (1925) has suggested that a 
change in the dispersion of protoplasmic colloids takes place. 
Data will be analysed further on (V.3) showing that protoplasmic 
fats and phosphatids are of a greater consistency when produced 
at higher temperatures. Thus when a given type of protoplasm 
is formed at different temperatures, its fatty substances will 
assume different physical properties and, because fats and phos- 
phatids enter into the intimate composition of living matter, 
it is probable that the consistency of protoplasm, considered at 
a given temperature, will vary with the temperature at which 
it was formed. Details on this point are to be found in the original 
papers (BELEHRADEK 1926a, b, 1931a) 
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(k) A fair agreement between what is known about proto- 
plasmic viscosity and what may be expected from the “physical” 
_ point of view may be found also in the injury of protoplasm by 
_ heating. Russo (1910), Hempronn (1914), HELBRUNN (1924a, b), 
TIRELLI (1930a@, 1931) Prcortnt (1931) have shown that proto- 
plasm or its ground-substance become more viscous on heating 
beyond the optimum, and from the data of E. and H. GeLtHory, 
quoted above (IIT. 16), it is evident that the Q,,) of the permeability 
in frog skin rises considerably after a short exposure to 45°. On 
the other hand, when the normal cellular structure is destroyed 
by mechanical pressure, the temperature coefficient sinks con- 
siderably (see III. 16, Barretti and STERy). 

It may be also that many individual, sexual and regional 
differences in temperature coefficients (III.12, 13) will ultimately 
prove to be based upon analogous differences in protoplasmic 
consistency, as supposed by BELEHRADEK. 

In considering that the actual methods of direct viscosimetry 
can only evaluate the viscosity of the cytoplasmic ground sub- 
stance and that there is no means at present to make even a rough 
estimate of the consistency of other protoplasmic phases, in con- 
sidering further that various external and internal factors may 
not always modify the viscosity of these phases to the same 
degree or in the same direction as they modify the viscosity of 
the cytoplasm, there is some degree of agreement between the 
theory and the data. The chief difficulty this problem has to 
face however is the impossibility of comparing the protoplasmic 
viscosity with temperature coefficients of vital activities in one 
and the same type of protoplasm. 

This point of view has been criticised by CRozigR and STIER 
(1927a) and by Navez (1929, 1931), adherents of the “chemical” 
theory, to whom the notion of protoplasmic viscosity appears 
too vague, and by StT1LEs (19306) who doubts whether the relation 
between viscosity and velocity of diffusion is as supposed by the 
law of EINSTEIN and SmMoLucHowskI. STILES’s objection has been 
dealt with above (p.61). A more detailed answer to these criticisms 
together with further topics on the question must be read in the 
original (BELEHRADEK 19320). 

There is however still another difficulty which has not yet 
been pointed out, 7. ¢., that in some instances the temperature 
coefficient rises with the velocity, whilst in theory the relation 
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should be just the opposite. Some of these cases have been quoted 
in connection with SKRABAL’s views ([V.6). In such instances either 
different biochemical mechanisms must be supposed, or it may 
be that velocity is governed not only by the viscosity, but also 
by the concentration of the reactants. In fact the temperature 
coefficient of the rate of diffusion of various substances in water 
is independent 0% the concentration over a wide range from 0.01 
to 1.0 or to 3.6 mols, as may be calculated from Onotm’s (1904, 
1910) figures. As to the kinetics of the protoplasmic processes, 
the velocity may thus be increased chiefly by two mechanisms, 
namely (a) by increased velocity of single reacting molecules 
owing to a decrease of viscosity, or (b) by increased concentration 
of reacting molecules without simultaneous changes of viscosity. 
In the first case, the temperature coefficient will decrease, in the 
second case it will remain unchanged. By a combination of these 
factors the rate of the process may increase in spite of an increased 
viscosity, in which case the temperature coefficient too will 
increase. 

The idea that the rate of biological phenomena is governed 
by the velocity of diffusion, cannot provisionally be accepted as 
more than a mere working hypothesis (BELEHRADEK 1929). Other 
ideas as to the temperature problem in biology must be viewed 
in the same light and it is still an open question which of them 
will prove more fruitful and more correct (J. Gray, 1931; NEEp- 
HAM 1931, p. 581). According to Maass (1933), more facts speak 
to-day for the physical hypothesis than for the chemical one. 


CHAPTER V 


CHEMICAL PROPERTIES OF LIVING SYSTEMS 
AT BIOKINETIC TEMPERATURES 


1. Action of temperature on chemical equilibria 


In chemical processes and in adsorption reactions temperature 
acts in a twofold manner, 7. e. it modifies the velocity of the 
reaction in a way which has been discussed in the preceding chap- 
ters, and secondly it affects the final or equilibrium state of 
the process. An excellent illustration of this double action is 
furnished by an experiment of W. M. Bayuiss (1906), which it 


Fig. 34. Effect of temperature 
upon the rate of adsorption of 
Congo-red by paper. Abscissa: 
time in minutes, ordinate: total 
amount unadsorbed. Upper curve: 
at 50°, lower curve: at 10° 
(Bayuiss 1906). 
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will be useful to reproduce here. When a piece of filter paper is 
immersed into a solution of Congo-red, it adsorbs the dye with 
a velocity which is dependent on temperature, and yields a Qy) = 
1.36. But at the same time temperature modifies the maximum 
(final) amount of dye taken up. At low temperatures more dye 
is finally absorbed than at high ones (see fig. 34). 

Speaking of chemical equilibria, one must distinguish between 
two cases: 

(A) When the process by which a given substance is formed 
is accompanied by evolution of heat, 7. e. when it is exothermic, 
the amount of substance ultimately present will be decreased 
by warming. Such is the case of Congo-red combined with 


paper. 
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(B) When the substance is with under absorption of 
heat, the process being endothermic, its final amount will be 
increased on heating. — In both cases the rate at which the 
reaction occurs is increased on heating. 

As the position of equilibria depends on temperature and on 
some other factors, they are generally called “moving” equilibria. 
We owe our knowledge of moving equilibria especially to 
van’t Horr, who also proposed an equation now usually written 
in the following form: 


q (7 aa 
ky 22 ge aL 0.0.6.5 


where k, and k, are the final concentrations of the substance, 
reached at two (absolute) temperatures 7', and 7’, respectively. 
The constant qg is the number of calories developed or consumed 
during the reaction per one gram-equivalent of the substance 
formed. It has a negative sign in exothermic and a positive sign 
in endothermic processes. 

It will be noted that the equation (XXX) has the same 
general form as the formula of ARRHENIUS for the velocity of 
chemical reactions (XV, p. 16). This similarity may easily be 
understood when we consider that in any chemical process two 
opposite reactions (combination and destruction) také place 
simultaneously, and that the amount of substances which is found 
at equilibrium depends on the relative velocities of both reactions. 
The equilibrium constant / at a given temperature is thus charac- 
terised by the relation between both reaction velocities at that 
temperature. 

Although it is known that the amount of heat, which cha- 
racterises chemical reactions, varies somewhat with temperature, 
it is evident that in reactions, in which the final state obeys this 
law, the numerical value of g will be found nearly the same for 
close temperature intervals. Yet it has been pointed out by 
PISSARJEWSKI (1908) that the viscosity of the medium modifies 
the position of chemical equilibria, Likewise many other factors, 
e.g. the chemical nature of the medium, radiations, pressure, etc. 
are known to alter the equilibrium in chemical processes (see, for 
instance, NATHANSOHN 1910). This fact seems to be very important 
in regard to any attempt to apply the law of moving equilibria 
to biological systems. It cannot be expected that it would be 
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possible to calculate q in biological processess, unless in the 
simplest ones, with a sufficient degree of reliability. 

The most accurately studied case of moving equilibrium in 
biochemistry is that of oxyhaemoglobin, which is dissociated into 
haemoglobin and O, according to laws investigated by BARCROFT 
and Hix (1910), Barcrort (1914), Maéena and SEriSkar (1925). 
When haemoglobin is allowed to take up oxygen, it is partly 
transformed into oxyhaemoglobin and the final proportion of 
haemoglobin and oxyhaemoglobin varies with temperature, more 
oxyhaemoglobin being formed at low than at high temperatures. 
The equilibrium constant ’ varies with temperature as follows: 


Table XXXIV 


Final concentration of 


er haemoglobin | oxyhaemoglobin | . 
| 


16° 8% 92%, 0.087 
240 29 71 0.408 
320 63 | 37 1.703 
38° 82 | 18 4.775 
49° 94 | 6 | 15.67 


When log k is plotted against the reciprocal of absolute tem- 
perature, a straight line may be drawn through the observed 
points, as required by the formula (fig. 35). Hence it can not 


Fig. 35. Effect of temperature /agK 
(abscissa: inverse of the abso- 


lute temperature) on the disso- 0 
ciation constant of oxyhaemo- 
globin 
(Barcrort and Hixt 1910). o-1 
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only be stated that about 28,000 calories (= q) are evolved when 
one gram-mol of haemoglobin unites with one gram-mol of O,, 
but it may also be computed that the molecular weight of haemo- 
globin is about 16,000 (BarcrorT 1914). But from a more recent 
study of Wastt and LEINER (1931) it seems to follow that q even 
in this simple case falls with increasing temperature, and that 
differences of pH somewhat modify its magnitude. 


76 CHAPTER V 


Even when it is not possible to evaluate directly the action 
of temperature upon the biochemical equilibria in living cells, 
it is at least to be concluded from what we know about the evolution 
of heat in reactions occuring in vitro, that many biochemical 
processes are but little dependent on temperature as regards the 
position of equilibria. Thus the enzymatic processes of hydro- 
lytic character are associated with an insignificant production of 
heat and it may be concluded that their equilibria within the cell 
will be likewise not sensibly modified by temperature. Conversely 
the equilibria in cellular oxidations, which yield considerable 
amounts of “combustion”? heat, must be supposed to be greatly 
affected by temperature variations. 

In the subsequent paragraphs many instances will be given 
showing that the chemical composition of living systems is often 
changed by temperature. No attempt however can be made to 
calculate q of the respective processes, neither is it possible to 
state whether the chemical changes in question could or could 
not be conceived as being due simply to the direct action of 
temperature on moving equilibria. Such a possibility seems to 
be excluded @ priori in considering that in a cell, as long as it 
is alive, no true equilibrium normally can be reached. 

In the present state of knowledge no other statement can be 
made in regard to the moving equilibria in biology than that they 
in some way play a part in the general action of temperature on 
the protoplasmic activity (Kanirz 1907a, 1915, Ropertson 1909, 
DeEMOLL and Strowt 1909, Pirrer 1911, Hoper 1926, Jacogns 
1928, etc.). 

Some effects of extreme temperatures have been ascribed to 
changes in biochemical equilibria. This point will be discussed 
in another connection (IX. 8, X.16d, XI.10). 


2. Water content 


It is commonly known that hydrophilic gels when allowed 
to swell liberate heat, as has been first demonstrated by DuvERNOY 
(for the bibliography, see. FREUNDLICH 1931, p. 580 seq.). But 
when swollen gels on further intake of water are transformed 
into sols, heat is again absorbed. Hence it will not be expected 
that the maximum water content reached by hydrophilic colloids 
at various temperatures would permit an accurate calculation 
of q. Neither may it be expected that temperature would 
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affect the maximum water content of colloidal systems in a 
uniform direction. 

As regards living systems, it has long been known that red 
~ blood cells are richer in water at low than at high temperatures 
(see JacoBs 1928). According to HAUBERRIESSER and SCHONFELD 
(1913), the maximum amount of water taken in by a mammalian 
ligament is similarly increased by a decrease in temperature. 
Analogous results were obtained by Licarwirz and RENNER 
(1914a) in mammalian muscle and renal cortex, while the 
renal medulla behaved under the same experimental conditions 
in just the opposite way. | 

Contrary to these results E. ADLER (1921) finds in the muscles 
of a frog, that their water content is greater at high than at low 
temperatures. It is not yet possible to see whether this discrepancy 
is due to some regulatory process which might occur in muscles 
left in situ, as was the case in ADLER’s experiments. 

B. Instn (1922) was led by theoretical considerations to 
propose a formula to represent the interrelation between the 
maximum water absorption (capacity, = C,,) of living tissues 
and the absolute temperature (7): 

_6yF 
‘Coo = Cy e (XX XT) 

This equation seems to satisfy the results of HAUBERRIESSER 
and SCHONFELD and other results obtained with plant tissues. 
However it is not yet certain whether it would hold good in 
the majority of cases. 

According to Fauri-Fremiet (1924), unfertilized eggs of 
Sabellaria alveolata undergo important changes in volume when 
the temperature is varied. Heating from 0° to 34° decreases the 
volume from 15.6 to 14.1x10-8 c.c. This change however is 
not continuous, but is interrupted between 18° and 25°, where 
no change occurs. The same temperatures represent the optimum 
of development. A similar relation between volume and tempera- 
ture was obtained by Epurusst (1927) with unfertilized eggs of 
Paracentrotus lividus, in which the volume remains constant be- 
tween 19° and 24°, There seems however to be some discrepancy 
between these results and those of AcHARD (1927a, 6) gained 
with the same material. According to this author, the volume of 
unfertilized eggs increases on heating from 20° to 35° and falls 
again above 35°, — In slime-molds, there seems to be no increase 


78 CHAPTER V 


of hydrophilic power of the protoplasm on cooling, as has been 
shown by HEmLBronn (1922) by evaluating the viscosity. 

Bovine (1921, 19236) thinks that the low percentage 
of water which he has found in hibernating Orthoptera is due to 
temperature changes. He has found (1923b) that hibernating 
animals, when transferred to room temperature, not only 
resume their normal activity, but also increase their water 
content. Hotmaguist (1928a) has found that hibernating ants 
contain less water than under normal summer conditions, and 
that hibernating animals, kept in an ice-box until summer, give 
lower values than the controls. Seasonal differences in the water- 
content of insects have been claimed by Payne (1926—1928) as 
a cause of their cold-hardiness (see VIII.2c). In the rice weevil, 
Sitophilus oryza, W. ROBINSON (1926) observed that on cooling the 
water content of the body first gradually increased, but decreased 
again before death occurred. According to E.F. and P. E.ADOLPH 
(1925), the water content of the earthworm, collected at 2°, 
increases on subsequent warming to 18°, the increase being 
roughly proportional to the logarithm of time. 

In plants, some investigators attempted to determine 
whether the maximum amount of water, taken in by seeds, is 
dependent on temperature, but the results are far from being 
uniform. Drmrrripwicz (1875) and REINKE (1879) stated that 
the maximum swelling of peas was independent of temperature 
between 0° and 50°, whereas the more recent experiments of 
Fintkov (1926) show that in certain seeds the maximum im- 
bibition increases with temperature. 

PANTANELLI (1920) has demonstrated that plant tissues, when 
submitted to temperatures a few degrees below zero, discharge 
water, and that this phenomenon is reversible as long as the tissue 
remains undisturbed by frost. Rosa (1921) and R. Newron (1923, 
1924) have found that water is retained in wheat leaves collected 
in autumn and in winter with greater force than in those collected 
early in the fall. They think that during the cold season plant 
‘ tissues are made more hydrophilic, and thus more resistant to 
freezing, by accumulation of colloidal substances with a high 
hydrophilic power. Similar ideas have been expressed also by 
other authors, whose work will be discussed below (VIII. 2c). 

O. Hartmann (1919c) thinks that the water content of plant 
tissues is generally higher at low and lower at high temperatures, 
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and that it is determined by the lipocytic coefficient of the tissue, 
which also depends on temperature. 

The most important studies in water content of plants however 
are those by A. Maver and PLanTEFon (1925) undertaken on 
mosses (Hypnum triquetrum). At a constant tension of water 
vapour outside, the corresponding vapour tension within the tissue 
decreases at higher temperatures. In accordance with this pheno- 
menon, water intake in mosses is accompanied by liberation of 
heat (A. Mayer, PLANTEFOL and WuRMSER). PRAT and Mrnasstan 
(1928) weighed different species of mosses left in dry air at two 
different temperatures (8°—9°, 18°—20°), but they did not detect 
any differences in the final weight. 

It seems probable that the effect of temperature on the water 
content and on the hydrophilic power of living systems in general 
varies with the time of their exposure to a given temperature. 
After long exposures adaptive and regulatory processes may in 
some cases take place, which may cover the primary variations. 
This however applies primarily to the higher organisms. 

Thus, however simple a property the water content of living 
systems appears to be, its dependence on temperature is not 


- uniform. 


3. Constitution of fats and phosphatids 


It has long been known that mammalian visceral fat is more 
solid at a given temperature than subcutaneous fat. HENRIQUES 
and HANSEN (1901) have explained this by assuming that the 
melting point of fats varies with the temperature at which they 
were formed. 

The melting point of fats depends, roughly speaking, on the 
degree of saturation of their fatty acids. Fats which contain 
bodies with many ethylenic (—CH = CH—) bonds, are more 
fluid and possess a lower melting point than fats with few or 
without such groups. Because the unsaturated groups react 
with iodine, the degree of non-saturation of a fat is easily detected 
by the “iodine absorption number’. It may be said that the 
iodine number of natural fats and their melting point (or fluidity 
at a given temperature) show this supposed interrelation with a 
fair degree of accuracy (see for instance: ANDRE 1925, KREMANN 


1928, p. 236). 
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Many examples are now known which confirm the rule of 
Henrieurs and HaNnsEN. These authors themselves have found 
the iodine number of natural fats from mammals and birds to 
decrease with increasing distance from the body surface and thus 
with increasing temperature at which they are formed. The 
cutaneous fat of an adult dolphin has a lower melting point than 
that of a foetus of the same mammal. The iodine number and 
melting point of mammalian natural fats also depend on the 
external temperature at which the animals have developed, as 
stated by HENRIQUES and HANSEN (1901) and by Lamsirne (1921). 
Anpr& (1925) has noted that the natural fats of marine animals, 
living at relatively low temperatures, are very fluid and relatively 


melting point 


Fig. 36. Melting point 
(ordinate) of fatty globules 
in an Aphid, Ropalosiphum 
prumifoliae, mn function with 
the temperature (abscissa) of 

cultivation (ACKERMAN). 
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rich in ethylenic and other unsaturated groups, as compared 
with those of land animals. ACKERMANN (1926) has cultivated. 
aphids (Ropalosiphum prunifoliae) at different temperatures and 
has found that the solidification point of fatty globules in their 
bodies increases with the temperature of cultivation (see fig. 36). 

The same rule applies to the vegetable fats, as pointed out 
by CzaPEK (1913), who compared the relative fluidity of vegetable 
fats from moderate climate with the relative solidity of tropical 
vegetable fats. TERRomINE, BonnET, Kopp and VéicHor (1927) 
confirmed the rule of HnnriquEs and HANSEN as regards natural 
fats of some animals and their eggs, and of certain lower plants. 
According to 8. Iwanow (1929), the iodine number of linseed oil 
varies with the average temperature of the geographical region 
or with that of the hothouse. A recent publication of McNair 
(1929) contains an abundant list of various vegetable oils and fats 
with their melting points. Here, too, the general rule is roughly 
confirmed. 

The cause of this particular behavior of natural fats lies, as 
pointed out by Luarurs and Raper (1925) and by Pearson and 
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RaPeER (1927), in the general chemical laws which govern their 
formation. Fats in living systems are produced by a catenary 
series of chemical processes in such a way that unsaturated 
substances are formed first, and saturated ones are formed from 
these by subsequent transformations. At low temperatures this 
series cannot reach the stage of saturated fats, but is arrested at 
the stage of unsaturated combinations. At high temperatures 
however this same series proceeds further until saturated fats 
are formed. 

The work of the authors just cited, which has been recently 
summarised in greater detail by BELEHRADEK (1931 a), concerns 
the animal and vegetable reserve fats. But it appears desirable 
also to examine from this viewpoint those fatty substances which 
form the protoplasm itself. It is known that fatty substances 
which are the integral part of living matter, differ from the 
reserve fats primarily by their relatively low melting point (see 
ANDRE 1925). More recent researches of TERROINE, HATTERER 
and Rorwrig (1930) have actually demonstrated that fatty acids 
of protoplasmic mono-amino-phosphatids give iodine numbers 
which are in perfect agreement with the theory. Their results 


are as follows: 
Table XX XV 


Species | Jodine number 
cS. ; i 
(a) Monoaminophosphatids of seeds: | 
Arachis=s). = | 93 
Jiao 2 cue e 110 
‘Sli: SO eae as | 129 
(b) Monoaminophosphatids of eggs: | 
Birds tne 103 
OntOISemes . = 106 
Sea-urchin . . | 135 
Beas oes. s | 142 
Rikesmr, ate: | 163 
Herrme. . . 208 
Scallop = = 232 


Apart from the qualitative changes produced by temperature 
in fats and phosphatids, important quantitative variations have 
also been described by A. Mayer and Scnarrrer (1914a, 6). 
According to these investigators, the amount of lipoid phosphorus 
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in frog’s liver varies with the temperature at which the animals 
are kept, thus: 
Table XXXVI 


| Average % of 
| lipoid 
Pete perrake HaipOstize | phosphorus 
(fresh weight) 
2 Sdays | 0.097 
23 8 days 0.102 
24 8 days 0.144 
26 | 2 days 0.196 


In homoiothermic animals however the analogous relation is 
far from being simple, as is evident from further results obtained 
by the same authors. 

It may be mentioned that Rywoscu (1911), HEILBRUNN 
(19246) and BELEHRADEK (1931la) have attributed the differences 
in sensitivity of various cells and organisms towards heat to the 
differences in melting point of their lipoid substances. The heat 
resistance of protoplasm thus seems to be “regulated”? by the 
general property of fats and phosphatids to “‘adapt”’ their melting 
point to the temperature (see further X.17). From the same pro- 
perty, some conclusions have been drawn regarding the meaning 
of temperature coefficients of vital processes (see IV, 9). 


4. Enzyme content 


BurGes and LEICHSENRING (1921) have found that the catalase 
content rises with temperature in the tortoise, and BurRGE (19234, 
b, c) showed the same to occur in Paramaecium and in Spirogyra. 

On the other hand, Lantz (1927) could not detect any ana- 


logous change in the catalase content of corn seed germinating 
at various temperatures. 


5. Pigments 


Besides pigmentation changes which occur in insects as a 
result of exposure to extreme cold or heat, some modifications 
of the pigmentation in this group of animals are also known to 
occur when temperature varies within the limits of the biokinetic 
zone (see especially BopinE 1921, ToumaNorr 1926, BrLsaEv 
1928, ALpaToy and Prart 1929, ZrmMERMANN 1931). In a crusta- 
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cean, Gammarus chevreuai, Forp and HuxLEY (1927) have found 
an increased formation of the eye pigment at higher temperatures. 

That temperature may determine the deposit of pigment in 
the hair of mammals, has been demonstrated by W. ScuuLtTz 
(1922—1930) for the Himalayan rabbit and by N. A. and W.N. 
Tisrw (1929) for the Siamese cat. This reaction, now commonly 
known as the ScHULTz’s reaction, consists in blackening of those 
parts of the hair which have been exposed to a low temperature. 
The threshold of effective temperature for the Himalayan rabbit 
lies between 1° and 30° and is different for various parts of the 
body (N. A. Itatn 1926): 

Table XX XVII 


Thresholdier 


| blackening 
TS ts Se ar Rc a ae | 29°—300 
CUE ee a 29° 
DBT igrmtee oe a eyo a Jo oi, Se a 25°—27° 
Linde pawSeewe weg is in ei tec et | 16° 
RDres PAWS Memes -.o8 mies scree Gs | 14° 
kde DElOWA EYES pes is bps se cs + he eente 
COCA NBs oe Cee | 39 
OL Reta Dati smt me skede. aoe secur.) as 1°—2° 


In the Siamese cat the thresholds are, according to N. A. 
and W.N. Izs1n (1929), distinctly higher: 


Table XX XVIII 


Threshold for 


| blackening 
TDR aah enh ATMA ie america | 50°—60° 
TR Rung be cee OS oe ieee oe | 43°—45° 
TRE an, oR ee ie es | 30°—32° etc. 


N. A. Instr (1926) showed that the thresholds of temperature 
depend upon age and race in the Himalayan rabbit, while in 
the Siamese cats the effect seems to vary according to sex 
(N. A. and W.N. Insrn 1929). 

W. Scuvttz (1928, 1929, 1930) reports that he succeeded in 
inducing melanin formation in the normally albinotic eye-epithe- 
lium of the Himalayan rabbit, grafted to a cooler region of the 
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body, e.g. the ear, and that also the excised pieces of the albinotic 
skin, keptin humidair or in anoxygen atmosphere, showed a deposit 
of pigment in the growing hair follicles, when exposed to a lower 
temperature (35.5°) for several hours. At 38° no blackening occurs. 
It is probable that a definite minimum concentration of some 
substances is necessary for the melanin formation and that this 
concentration varies with the temperature according to the rule 
of moving equilibria, the substance being formed by exothermic 
processes. 

The formation of some vegetable coloured substances seems 
to depend on temperature as well. As pointed out by O. Harr- 
MANN (19196), higher temperatures seem to decrease the relative 
amount of chlorophyll. W. Scuwartz (1930) has observed com- 
plete disappearance of chlorophyll in certain susceptible spots in 
the leaves of a variety of Selaginella martensii. In many plants 
red pigment appears on exposure to a low temperature (see SACHS 
18606, PrerrerR 1904, Davy pr VIRVILLE 1925, Kosaka 1932). 

The colour of certain pigments of vegetable origin is known 
to vary with temperature in a reversible way. Firtine (1912) 

‘proved that the change in colour with temperature in the flowers 
of Hrodium gruinum and EK. ciconium depends on the property 
of their natural colouring matter, which in watery solution changes 
its tint when the temperature is varied. The colour of flowers 
changes more quickly on heating than on cooling, whereas the 
extracted pigment reacts with the same rapidity independently of 
the direction of the temperature change. The substance is a pH 
indicator, but the described colour change has nothing to do with 
variations of pH, possibly induced by temperature (FITTING). 
Similar colour changes, due to temperature variations in vegetable 
anthocyans, were already known to MouiscnH 1889 (see FrrrrenG 
1912, V. PortrEim 1914). — Certain complex salts of iodine, too, 
are known to change in colour when temperature is varied. 


6. Electrolyte equilibria 


As has been found by HoacLanp and Davis (1923), cells of 
Nitella give up chlorides at 5°. When transported to room 
temperature, they again take up the lost chloride ion. PrTRiE 
(1927) has investigated the maximum (terminal) amount of diverse 
ions absorbed by slices of carrot at various temperatures, and has 
stated that increasing temperature favors the absorption of 
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anions and lowers that of cations. Substances experimented with 
were ammonium and potassium chlorides, ammonium sulphate 
and calcium nitrate. But GARDNER (1929) stated that the electric 
conductivity of cell-sap in pear shoots, which were kept constantly 
at 2°, was nearly the same as in shoots stored at 16°, 

Temperature may affect also the degree of acidity (pH) of 
the cell-sap, as found by Hurp-Karrer (1929) in the case of 
wheat leaves. 


7. Apparent equilibria in metabolic processes 


It was first found in plants that the amount and chemical 
nature of their metabolic products often depend on temperature. 
A. Mayer (1875) found that the tissues of Oxalis corniculata 
contain 13%, of oxalic acid (reduced to dry weight), when the 
plants were kept at 20°, and only 8%, when grown at 30°. The 
same acid is an abundant metabolic product in Aspergillus niger, 
but it is found only at low temperatures. At higher temperatures 
it disappears by oxidation (WEHMER 1891). According to GERBER 
(quoting from EULER 1909) the relative amount of various nutrient 
substances utilized by Aspergillus is not the same for different 
temperatures. At 12° the organism uses up more glucose and less 
tartaric acid, at 20° it utilises both sugar and acid in approxi- 
mately equal amounts, while at 37° more sugar and less acid is 
taken in. As regards other acids, Aspergillus uses up malic acid 
at any temperature, while citric acid cannot be utilised unless 
at 30° and higher. v. EuLer (1909), quoting this example, thinks 
that the described interrelation between temperature and the 
ability of certain organic acids to be utilised by plants is the reason 
why some fruits containing chiefly malic acid ripen at relatively 
low temperatures, whereas those which are rich in tartaric 
or citric acid, need higher temperatures for the ripening process. 
— For the earlier work the treatise of PFEFFER (1904) may be 
consulted. 

During autumn and winter the starch reserves in trees 
are transformed into sugar and fat, while in March this process 
is reversed and starch regenerates from sugar and fat (see v. EULER 
1909, IRAKLINOW 1912). The evidence that these transformations 
are induced by temperature changes was brought forward by 
experiments in which pieces of living wood and bark, transported 
in winter from outside to room temperature, showed a de- 
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finite starch formation within two hours (BUsGEN, see [RAKLINOW). 
As pointed out by v. Evtmr (1909), these changes cannot be 
simply conceived as being due to variations of equilibrium states 
with temperature, because hydrolytic processes are known to 
be associated with a small caloric effect. Similar changes in woody 
plants are discussed in a recent paper by V. Novikov (1928). 
Yet it has been known for a long time that starch is transformed 
into sugar on application of low temperatures in other plants as 
well. The most common example of this is the case of potato 
tubers, studied first by MttieR-THuRGAUv (1882), but the pheno- 
menon was known already to Mer (1876, quoted from AKERMAN 
1927, p. 24) and has been often studied since (LipForss 1898, 
1907; ApPELT 1907; ScHAFFNIT 1911). Detailed discussion of the 
whole point is to be found in AKERMAN (1927) and in Maximov 
(1929). — These and several other chemical transformations 
which take place in plants under the action of low temperatures 
are considered by some authors as being connected with hardening 
against frost (see VIIT.7). 

Following TorTrncHam (1923), the amount of polysaccharids 
and of protein in certain plants seems also to depend on tempe- 
rature. 

GARDNER (1929) has described the following chemical changes 
in pear shoots stored during the winter at +2°, as compared with 
those maintained at room temperature: increase of hexoses, 
saccharose and organic acids, decrease of starch-content and of 
the freezing point of the sap. Water soluble polysaccharids 
(except starch), arbutine and nitrogen compounds showed no 
changes at all. 

It may be remarked in this connection that the optimum 
concentration of nutritive substances sometimes varies with 
temperature. Thus FuLMEer and collaborators (1921, 1924), 
SHERWOOD and FuLMER (1926) found the following optimum 
concentrations of ammonium chloride for the growth of yeast: 


Table XX XIX 


Temperature | 0° 
Optimum % of NH,Cl | 0.0118 


10° 
0.0236 


20° 
0.0295 


25° 
0.0319 


30° 
0.0354 


40° 
0.0413 


43° 
0.0431 


These data are represented graphically in fig. 37. — Tempera- 
ture seems to modify in a similar way the optimum concentration 
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of certain nutritive salts in the case of root growth (8. F. and 
H. M. TRELEASE 1926). 


In animal tissues much fewer instances of changes in meta- 
bolism with temperature have been described. _WECHSELMANN 
(1921) and E. Apuur (1921) have found an increasing lactacidogen 
content in muscles of frogs kept at a higher temperature. BRUNOW’s 
(1911) researches on the metabolism of Astacus fluviatilis have 
demonstrated that at low temperatures up to 14° substances 
capable of decolorizing potassium permanganate are produced and 
that their excretion practically ceases at the higher temperatures. 


Fig. 37. Optimum 
concentration (ordi- 
nate) of ammonium 
chloride for yeast 003 
growth, as influenced 
by temperature (ab- 
scissa). (SHERWOOD gq 
and FuLMER 1926.) 
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More systematic studies of Scarrrpr (1928) and collaborators 
(GuALpDI 1928, GuaLpI and Baupino 1930, Campo and STANGa- 
NELLI 1928, pD’Avanzo 1929) revealed important variations in 
the content of glycogen, lactic acid, fats etc. in cooled 
mammalian muscle and skin. 

The respiratory quotient (CO,/O,) has been found by several 
authors to vary greatly with temperature. With increasing tem- 
perature it increases in value in yeast (GREHOUT and QuUINQUAUD 
1888) and in the tortoise (KAYSER and GINGLINGER 1927), while 
in Helix pomatia (PUTTER 1911) and in Astacus fluviatilis (BRUNOW 
1911) it decreases. In embryos of Aplysia it is higher at lower 
temperatures, but only in very young stages (BuGLtIA 1908). Some 
others have found that in certain plants the respiratory coefficient 
varies with (for literature see TANG 1932), or is independent of 
temperature (see CzapeK 1913, III, p. 25). 

VIEWEGER (1924) has observed in the leech an increased coeffi- 
cient of assimilation of nitrogen, as expressed by the relation of 
protein taken in to nitrogeneous by-products, at higher tempera- 
tures. R. Hertwic (1903) observed that the protoplasm of Para- 
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maecium, cultivated at 8°, was stained in fixed preparations more 
deeply than in controls, which had been kept at 25°. This pheno- 
menon seems to show that protoplasmic proteins undergo changes 
under the action of temperature, or that their combinations with 
ions are different at various temperatures. As a matter of fact, 
labile compounds of proteins with electrolytes are known to change 
their composition as the temperature varies (see Kerra Lucas 1908). 

However important may be the action of temperature in 
metabolic equilibria, it seems that temperature plays no part in 
the coefficient of utilization of energy in the living system, nor in 
the coefficient of utilization of nutritive substances for growth. 
This was demonstrated for the first time by RuBNER (1908) in 
Proteus vulgaris. HARTREE and Hitz (1921) and CoLie (1929) 
stated the same to be true for muscle. TERROINE and his colla- 
borators have multiplied the evidence for this general principle 
by several important contributions. TERROINE and WURMSER 
(1921) have shown that the amount of sugar used up to form one 
gram of dry substance in Aspergillus niger is the same for different 
temperatures. Germinating seeds of Arachis hypogaea and Lens 
esculenta show a similar interrelation (TERROINE, BONNET and 
JoESSEL 1923). BarTHELEMY and Bonnet (1924) have shown 
that the same rule applies to the growth of tadpoles. The relative 
amount of substance stored, in regard to that of substance burnt, 
here too is practically independent of temperature: 


Table XL 
Time necessary to Coefficient 
Temperature | reach the stage when of utilization 
| gills disappear of nitrogen 
- —— a - 
8° | 30 days | 0.75 
10° | 22 ,, 0.73 
14° 20) 0.75 
21° | Sues 0.75 


8. Apparent equilibria in other vital activities 

It has been demonstrated by STRASBURGER (1878) that the 
zoospores of Ulotrix, which normally are positively phototropic, 
become negatively phototropic, when the temperature falls to a 
definite degree. Similar change in the sign of phototropic response 
has been observed by Groom and J. LOEB (1890) in larvae of 
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Balanus, by J. Lonp (1893, 19086) in those of Polygordius and 
in certain crustacea. These instances have been multiplied later 
on by the work of Dick (1914), SrepEnvop (1930) and others 
(see M. Rosg 1929). The phenomena may be explained by the 
assumption that temperature modifies some chemical equilibria 
inside the cells, as first suggested by DEMOoLL and Srrout (1909). 
J. Los (1893) has shown that the phototropic response changes 
in direction not only on cooling, but also on loss of water. Yet 
the phenomenon might also be explained as being due to some 
physical change in the protoplasm, e. g. 
adsorption, change in consistency, so- 
lubility, ete. 

Mapvsen and Warasikr (1919), 
MAvbsen, WULFF and WatTaBIkI (1919) 
have studied the action of temperature 
on phagocytosis in white blood cells. 
They have found that the maximum 
degree of phagocytosis, represented by , 
the number of bacteria taken up per . 

Fig. 38. Maximum de- 
one leucocyte, decreases when the prec ctf phacosy tose 
temperature is raised, as is shown by (ordinate) of bacteria 
figure 38. It may be concluded that by horse leucocytes, 

: at varolus temperatures 
the process upon which  phagocy- (abscissa). 
tosis is based is exothermic, e.g. an MapsEn and WaraBiIkt. 
adsorption (see also FENN 1922q). 

In this connection it must be noted that the degree of 
contraction of various contractile systems is unlike for different 
temperatures. In many cases the degree of contraction increases 
on cooling, but this is not a uniform rule. For the details of this 
question, special treatises on physiology and the original papers 
must be consulted (degree or energy of contraction in striated 
muscle: BERNSTEIN 1908, Harmon 1922, WaGNER 1926, FULTON 
1926a, CoLLE 1929; in heart muscle: HeRLITZKA 1905, GELLHORN 
1924, Bartow and So~iMANN 1926; contraction of melanophores 
in fishes: D. C. Smrru 1931; length of pseudopodia in Rhizopods: 
JENSEN 1902). 

E. N. Harvey (1924) and Morrison (1924) have observed 
that the light emitted by bioluminescent organisms becomes 
more yellow as the temperature approaches or passes the limits 


of the biokinetic range. 


10 20 sot! 


90) CHAPTER V 


9. Apparent equilibria in the action of substances on 
living systems 


In the action of various chemicals upon living cells and 
organisms under varied temperature, two separate phenomena 
must be clearly distinguished, viz., (a) the effect of temperature 
upon the rate at which a given substance permeates into the 
system or at which it produces definite changes in the system, 
and (b) the variations of the effective concentration, or of 
the final concentration, or of the mode of action, of such a 
substance, with temperature. 

In this connection we shall deal with the second of these 
points. It has been now studied in a great number of instances 
and only the most important can be discussed here. 

Much of the earlier work has been summarized by ZEHL (1908), 
Kanitz (1915) and Rocmr (1933). In some substances the thre shold 
of concentration decreases with increasing temperature, whereas 
in others the relation is reversed. Especially substances which 
exert a typically narcotic effect belong to this second category 
(H. Meyer 1901, 1927; v. Knarru-Lenz 1919; Cottertr 1923; 
see also J. LoEB 1906, p. 160). 

Is has been known since MULLER-THURGAU (quoting from 
FUHRMANN 1913) that the yeast cells stop their activity at a 
definite concentration of alcohol, which varies with the tem- 
perature thus: 


Table XLI 


5 om i x ] 
concentration (%). . 9.5 8.8 


This is in perfect agreement with what is now known of the 
action of alcohol and similar chemical bodies upon other organisms. 


It may be found useful to tabulate the most important results 
gained hitherto by various workers (Table XLII). 

It is interesting to note also that the action of hormones 
seems to depend on temperature in a similar way. According to 
Huxtey (1929), a given dose of thyroid extract induces a complete 
metamorphosis in frog tadpoles (R. temporaria) only at a 
temperature of 5° or higher, whereas at a lower temperature 
the metamorphosis is incomplete, even when the tadpoles are 
afterwards transferred to a higher temperature. Also the effect 


——— ee 


CHEMICAL PROPERTIES 


Table XLIT 
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Toxic action: 
increases (+) 
decreases (—) 


Substance does not Object Authority 
change (0) 
| on heating 
Acetone - moulds ZEHL 1908 
ee bao - tadpoles H. Meyer 1901 
Acids: boracic | ~ moulds ZEHL 1908 
picric . . | 2h x eee O0S 
Aconitine. . i sh frog VELEY and WALLER 
1910 
Adrenaline . =. heart of frog | Sarxi 1925 
” = cies: Bartow and Sott- 
MANN 1926 
Alcohols: 
ethyl- + yeast FunrMAnn 1913 
* =i tadpoles H. Meyer 1901 
” == moulds ZEHL 1908 
amyl- . . -- és .. 1908 
isobutyl. . + 3 , 1908 
Atoxyl. . a frog Sanno 1911 
Benzylamide — tadpoles H. Meyer 1901 
99 — is v. KNAFFL-LENz 1919 
aS _ f Boece | CoLLeTT 1923 
| animals 
- es, — moulds ZenL 1908 
Chloralhydrate . + tadpoles H. Meyer 1901 
3 + various animals | CoLtLtetrr 1923 
> SE moulds ZeHL 1908 
Chloroform . — 93 , 1908 
Cocaine 0 frog SageKr 1925 
Colchicine _ ae Fiuuner 1910, Sanno 
1911 
as ee — bat Hausmann 1906 
Digitonine, small 
doses _- blood cells BELEHRADEK 1932 ¢ 
Ether ae moulds ZEHL 1908 
Ethylurethane — 2 5, 1908 
Guanidine heart of frog | B&LEHRADEK and 
Mirsxi 1932 
Monoacetine — tadpoles H. Meyer 1901 
Sodiumbenzoate . =. moulds ZEHL 1908 
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Toxic action: 
increases (-+-) 
Substance gp eee ) Object Authority 
change (0) 
: on heating 
Sodiumoleate . . | 0 blood cells | BELEHRADEK 1932¢ 
Phenol. . | a moulds ZeHL 1908 
(uinine 0 frog | SabKr 1925 
* + moulds | ZeHt 1908 
Resorcine a oe ,5, 1908 
Salicylamide = tadpoles H. Meyer 1901 
56 | == various animals | CoLLetr 1923 
| = tadpoles v. Knarri-Lenz 1919 
Saponin, large | 
doses. : 0 blood cells Rywoscu 1907 
Sulphates of Al, 
BexCa, Gapisa dl 
Ni, Zn . | de moulds Zeut 1908 
Sulphate of Ca <= pea CERIGHELLI 1926) 
Strychnine . — crab FROHLICH and KREIDL 
1921 
Tetanus toxine . ae frog Courmont and Doyon 
1893 
» + bat KoEninck 1899 
Vanilline . + moulds ZEHL 1908 
Veratrine .. + frog muscle Lamm 1910 
Veratrine, small 
doses. — SabKI 1925 
Veratrine, larger 
doses . ae a 1925 


of adrenaline depends on temperature (SPRINCEANA 1915; BARLOW 
and SOLLMANN 1926). 


In the case of haemolysis by saponin, RywoscH (1907) and 


GORTER, GRENDEL and SEEDER (1931) could not state any 
relation between the temperature and the final degree of the 
process at a given saponin concentration, but BELEHRADEK (1932c) 
has shown that when the concentration used is small, there is a 
net effect of temperature upon the final degree of haemolys’s 
(see fig. 39). With increasing temperature the final effect decreases, 
thus suggesting that the underlying process is exothermic. 
Similarly it has been demonstrated by REDFERN (1922) that 
the final degree of intra vitam staining of carrot tissue is higher 
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at low than at high temperatures, the reaction being again of 
exothermic character, as may be expected in an adsorption pro- 
cess (see V.1). 


The effect of some poisons is manifested by unlike physio- 
logical symptoms at various temperatures. Such is the case of 
alcohol, which in a definite dose produces muscular twitchings 


Fig. 39. Course of haemo- 
lysis of ox erythrocytes 
by digitonine 1: 100.000 at 
three different tempera- 
tures. Abscissa: time. 
Ordinate: percentage of 
haemolyzed cells in the time 
(BELEHRADEK 1932c). 


40 60 80 min 


in frogs at low temperatures, while at higher ones (>18°) it 
manifests a narcotic action, as demonstrated by PULCHER (1925). 
It is probable that similar differences may be reduced to quan- 
titative variations of toxic actions with temperature. — Compare 
further RocerR (1933). 


CHAPTER VI 


VARIATIONS OF MORPHOLOGICAL EQUILIBRIA 
AT BIOKINETIC TEMPERATURES 


1. Size of cells and of their constituents 


R. Hertwie (1903) was the first to point out that the dimen- 
sions of cells and of their constituents, as well as the numerical 
value of the nucleo-plasmic ratio, are modified by temperature. 
His chief results on some protozoa were these: 


Table XLITI 


| Paramaecium | vo ; - 
Tne. | Dileptus anser caudatum, |Actinosp Laervum, 
\ diameter 
ture | lanael ee ith nuclear: f t 
| ength readth |  plasmatic of a cys 
| (mm) (mm) volume (mm) 
= = eee —— == ees =< 2S = = 
8° | 0.510 0.112 the 7 0.090 
25°") 0.884 0.096 1:13 0.065 


Similar results were obtained by Poprorr (1908) on other 
protozoans, Frontonia leucas and Stylonychia mytilus. Here, too, 
the size of the body and nuclear volume increased on cooling 
and decreased on heating, while the nucleoplasmic relation 
showed a contrary change. The variations were completely 
reversible within one day. RaurmMann (1909) observed in Para- 
maecium a decrease in the volume of the body with a rise in 
temperature and an increase in the nucleoplasmic ratio up to 20°. 
The action of temperature on the rate of division was different 
from that the on nucleoplasmic ratio. The time which elapsed 
between two divisions was sufficient to produce respective changes 
in animals transported into a new temperature. 
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RHUMBLER’S (1911) studies on Foraminifera showed that 
only in species which do not form calcareous shells or in those 
which do so in a feeble measure, the body volume diminishes at 

higher temperatures, while in forms with a high calcium content 
it increases. 

Variations of the cellular size in with temperature protozoans 
have been confirmed more recently by MicHELson (1928) on 
Paramaecium and by E. F. Apo~px (1929) on Colpoda. In both 
cases the body decreases in volume at higher temperatures, while 


Fig. 40. Ceratium. 
a: “warm’’ form, 


Ap bse cold) sformi 

b “ (IXARSTEN). 

in Ceratium hirundinella the relation is more complicated (HUBER 
and Nipkow 1923: compare fig. 40, reproduced from KarsTEN 
1928). 

In Stentor the number of nuclei normally varies from one 
individual to another, yet the shape of the variation curve depends 
on temperature, as was demonstrated by v. PROWAZEK (1910). 
At 15° the peak of the curve is at 12 nuclear bodies, while at 25° 
it is only at 8. 

E. F. ApotpH (1929) has tried to explain the decrease of 
cellular volume with rising temperature in protozoans by the 
assumption that temperature stimulates the rate of division more 
than it does the assimilatory processes. 

The first evidence that the cellular size varies with tem- 
perature also in metazoans, is due to VOINEA who, working under 
R. Hertwie’s direction (see R. Hertwic 1903), found that the 
relative size of cells in newly hatched tadpoles of Rana temporaria, 
which developed at 10—11° and at 25°, was 11/, and | respectively. 
CHAMBERS (1908) repeated these experiments on a larger scale, 
and found that the cells of different tissues in young frogs, cul- 
tivated from the egg at various temperatures, increased in size 
with a fall in temperature. O. HarTMANN (1918) has confirmed 
these results in different amphibians, and has stated that higher 
temperatures induce also a diminution of the nuclear volume, 
of the number of nucleoli and of the nucleo-plasmic ratio. Yet 
different tissues reveal a different interrelation. The same author 
collected some other examples concerning the size of cells in 
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metazoans as dependent on the external temperature (O. HAaRtT- 
MANN 1918a). 

Diminution of cellular volume and of nuclear size at higher 
temperatures was demonstrated by several other authors in other 
groups of metazoans as well. It takes place in the sea-urchin 
(Marcus 1906, ERpMANN 1908, KorHLEeR 1912), in Cladocerans 
(PapANIcoLAt 1910), in Entomostraca (O. HARTMANN 1919a) and 
in eggs of Rotifers (FINESINGER 1926). 

The rule seems to hold good also in higher plants. O. HArt- 
MANN (1919c) gives the following figures for the pleromic cells 
in the pea: 

Table XLIV 


Tempera- | Volume of the _ Nucleoplasmic 
ture | cell ' nucleus | nucleolus ratio 
SE Be EE Boake : 3 E 
8.5° | 4312 354 61.8 0.0820 
15? | 4107 | 313 48.0 0.0752 
is.0° | 3000 | 209 35.7 | 0.0696 
26.0° bP e585 167 18.0 0.0501 
31.0° I 3796 102 19.3 0.268 
37.09 || 4896 | 344 20.5 0.702 


It seems that each of these constants passes through a 
minimum value at a definte temperature, which is however 
different for the cell-volume 
6 and for that of the nucleus 
and nucleolus (fig. 41). 
H.S. Fawcett (1921) 
2 states that at lower tem- 
peratures certain parasitic 
fungi (Pythiacystis citro- 
phthora, Pythophthora terre- 
stria) form thicker filaments 
than at higher ones, but 
that in other species just 
the opposite occurs. MAIGE 
(1923a) has measured the 
size of the nucleus and 


SS ae 
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Fig. 41. Effect of temperature 
(= abscissa) on the volume of cell (C), d : ; 
nucleus (NV) and nucleolus (n) in the ucleolus in germinating 


plerome of pea. O. Harrmann 1919¢. beans with a result which 
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has confirmed the general rule. The diminution of nucleolar 
volume begins at 10° and continues progressively as the tempe- 
rature is raised. When the plants are transferred to a new tem- 
perature, the nucleus assumes a new size, in accordance with 
that temperature. 

Simultaneously with the changes of nuclear volume which 
take place under the action of temperature, ERDMANN (1908) 
stated also that the volume of chromosomes in the developing 
embryo of the sea-urchin changed noticeably. The volume of 
chromosomes decreases on heating, but the percentage of reduc- 
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' Fig. 42. Percentage increase (ordinate) of Fig.43. Volume of chloro- 
chromatin volume in sea-urchin embryos,  plasts in young leaves of 


on cultivation in cold, as a function of age Helodea cultivated at 

(abscissa). The arrow marks the incipient O0—2° (a), 
gastrulation. 20° (b) and 30° (ce). 

{Computed from data of ERDMANN 1908.) O. Hartmann 19190. 


tion for an elevation of temperature of 10° is not the same for 
different stages of development, as may be calculated from Erp- 
MANN’S figures. Temperature evidently has a more pronounced 
effect in the more advanced stages, but at the moment of 
gastrulation its influence temporarily falls. Figure 42 clearly 
shows this. 

O. HARTMANN (19196) grew Helodea canadensis at various 
temperatures and showed that the size of chloroplasts decreased 
rapidly at the higher temperatures (see fig. 43). 

Here too the dimensions pass through a minimum at a certain 
temperature. According to HARTMANN, these changes may be 
conceived as being due to variation in cytological equilibria with 
temperature and are analogous to those detected in the nucleus and 
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nucleolus. — The size of cellular constituents seems thus to be 
connected by an interrelation which is under the influence of 
various factors, among which the. temperature is probably the 
most important. 

Tt is commonly known that the number and size of arms in 
Dinoflagellata depend on temperature (fig. 40) and that the 
seasonal variability in the morphological characters of these | 
organisms may be reduced to this simple effect (see especially 
Karsten 1928; G. HuBER and Nrekow 1923). Also the number 
and size of the food vacuoles in the ciliates depend on temperature 
(METALNIKOFF). 

The explanation of why cells and nuclei should increase in size 
in protozoans, higher animals and plants at lower temperatures, 
is not easy. HarTMANN (1918a) admits several possible factors, 
among them chemical moving equilibria, changes in water content 
due to accumulation of osmotically active substances, accu- 
mulation of various substances whose solubility may be affected 
by temperature to an unequal degree, increased imbibition of 
colloids, variations of surface tension between the nucleus and 
the cytoplasm, changes in permeability of the nuclear mem- 
brane, ete. 


2. Body size in higher organisms 


Temperature affects the body size of higher animals more 
or less as in the protozoans and the cells of metazoa and meta- 
phyta. This phenomenon, which however is not without excep- 
tions, is important for the analysis of growth processes in general, 
as temperature may modify not only the velocity of growth, but 
also the maximum size of the body. For criteria of velocity of 
growth it is thus necessary to have recourse either to definite 
morphological changes, or, what is better, to the time needed by 
the growing organism to attain a definite part of the terminal size 
characteristic for the given temperature (see PRzIBRAM 1923). 

The first to bring forward evidence that temperature acts 
upon the body size of higher organisms, was VERNON (1896). 
Sea-urchin eggs, which he cultivated at about 9° and at 25°, 
developed into plutei which were about 5° shorter than those 
developed at 17°—20°. Wo. Ostwaxp (1904), who analyzed the 
general causes of seasonal variation in different groups of animals, 
took up the problem and proved in his experiments on Daphnids 
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that with rising temperature the dimenstions of organisms are 
diminished and thus that the seasonal variations of body size 
may be partly attributed to the temperature action. 

Numerous investigators have since demonstrated the general 
validity of this rule: WoLTEREcK (1909), ParpanicoLav (1910), 
McCLENDon (1910), AGAR (1913), Rie (1913), Vourerra (1926), 
MacArruur and Baris (1929a) on Cladocerans!), ALPATOV and 
PEARL (1929), EtcenBRopDT (1930) and Imat (1933) on Drosophila, 
TitscHack (1925) on the moth (Tineola bisellineata), ABELOOS. 
(1929) on Planaria gonocephala, JOHN (1933) on Sagitta, J. GRay 
(1928a, b) on hatching embryos of the trout (Salmo fario), CHAM- 
BERS (1908) and Doms (1916) on frog tadpoles, ete. A rich biblio- 
graphy on the subject is to be found in ErGENBRopDT’s (1930) 
paper. It may suffice to quote here as an example the figures 
obtained by ABELOOs (1929) on the final body weight in Planaria 
gonocephala, reared at various temperatures: 


Table XLV 


Temperature | Final weight, mg 
79 | 53 
129 | 35 
18° | 25 


Fig. 44 which is reproduced 
from GRAyY’S (19286) paper, demon- 
strates the twofold and opposite 
effect of temperature upon the 
growth velocity and upon the final 
body size. 

ALPATOV (1929) quotes MIcHaJ- 
Loy’s figures on the variation of 
body size in the honey bee in Russia 
_ with the geographical latitude, and 
shows that in the northern regions #0 J 7 ne 10 130 150 
the body is smaller than in the Tig ce Rertoeieror aeaud 
southern ones, and that there is a final size reached in trout 
continuous increase in body size larvae cultivated at 5, 10 and 


16° respectively. Gray 1928). 


1) MacArtuur and Barrie found that only in males of Daphnia 
magna the final size of the body depends on temperature. 
7 
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between the two extremes. He thinks that temperature, acting 
during the pupal stage, is one of the factors. 

There are however some instances known in which tem- 
perature has no effect or even a contrary one upon the bodily 
dimensions. Thus European lizards are smaller in the north than 
in the south. Many tropical and subtropical forms attain greater 
sizes than the related forms in the moderate climate. Some 
examples were discussed by R. Hessm 1924. 

As to the explanation, two different hypotheses have been 
put forward. WoLtTEeREcK (1909) found in Daphnia that higher 
temperatures increased body dimensions when the nutrition was 
abundant.. He is inclined to believe that a low temperature does 
not affect the body size primarily, but that it causes a relative 
deficiency of nutrition. McCLENDoN (1910) holds the same view. 
Another explanation, offered by PUTTER (1911, p. 181), is that 
the body size depends upon chemical equilibria which are modified 
by temperature. 


3. Size and number of organs in higher organisms 


If the ontogenetic development were caused by a single 
biochemical process, or by several such processes each depending 
directly on the other in their rates and final equilibrium stages, 
the terminal state might be altered by temperature only in a 
harmonious way, that is all the parts of the organism would 
change in the same ratio. Yet 
one may not expect that this 
should happen in reality, because 
the ontogeny depends upon many 
processes which do not always 
show a harmonious interdepend- 
ence. In accordance with this, it 
has been demonstrated first by 

16 18 20 2 t°2 VERNON (1896) that the relative 
Fig. 45. Relative arm length(R) size of arms in plutei which had 
Mt Vario emperstines ty, developed at various temperatures 

VERNON 1896. is not equal. Fig. 45 is computed 
on the basis of VERNON’s results. 

In fishes the number of vertebrae varies with the external 
temperature in such a way that cold favours a greater number 
(Huszs 1922). The number of scales in the trout is subject to 


4,05 
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analogous variations with temperature, as shown by Morrnry 
(1931). Seasonal variations in the relative size of the head in 
-Cladocerans are probably caused by a similar temperature action 
(VOLTERRA 1926). A series of papers has recently been published 
dealing with the effect of temperature upon the number of eye- 
facets in Drosophila (ZELENY 1923, Herscu 1924a, b, Driver 
1926, 1931, Luce 1931). It is interesting to note that the intensity 
of temperature action here varies from one race to another. 
According to HERSCH’s figures the number of eye-facets is decrea- 
sed, by a rise in temperature of 10° (between 15° and 25°), in the 
normal full-eyed race by 21.5%, in the ‘“‘bar” stock by 59%, in 
the “ultrabar’? one by 62%, and that the absolute number of 
eye-facets in these races decreases in the same order as the effect 
of temperature increases. This points to the possibility that the 
terminal number of eye-facets depends on the presence of some 
substances, the formation of which is subject to biochemical 
moving equilibria, easily displaced not only by temperature, but 
also by some hereditary factors. 

NADLER (1926) and Stantey (1931) found similar variations, 
caused by temperature changes, in the length of wing in Drosophila, 
but the response is different in each sex (HARNLY 1931). 

It is commonly known that low and high temperatures favor 
the production of winged forms in some aphids (see ACKERMAN 
1926). ErGENBRopT (1930) has observed that the number of 
circumocular hairs in Drosophila decreases with rising temperature. 
The paper of this author contains many other similar examples 
from older literature. 

It seems that certain plants are also subject to similar 
variations (see ¢.g., VERSLUYS 1928). 


4. Sexuality and sex determination 


There are several indications that temperature in some lower 
organisms decides between sexual and asexual or partheno- 
genetic reproduction. Thus Kiss (1890, 1896) reported that 
thermal effects induce a formation of sexual cells in some algae, 
and also GREELEY (19026) observed that Monas produced asexual 
spores at 1°—4°, while at 20° it divides both by the sexual and 
asexual method. The appearance of males among many rotifers, 
insects and crustaceans, too, seems to depend on temperature 
(Wo. OstwaLp 1904, PAPANICOLAU 1910, SHuLL 1930, Tauson 


102 CHAPTER VI 


1926, 1930, WuirinG and RussELL 1932), although other environ- 
mental factors may bring about a similar result (SHULL). Also 
in moulds the method of reproduction seems to be determined 
by temperature (see Couprn 1930). 

As regards the determination of sex, it has been demonstrated 
by Motttarp (1898) that at higher temperatures female plants 
are produced in a larger proportion in Mercurialis annua. R. HERT- 
wic (1906) has found that of frogs (R. fusca) produced at a tem- 
perature of 15°, about 75% are males, while at 30° the number 
of males is 52°. E. Wrrscut (1915), who repeated these experi- 
ments, found in a “‘differentiat- 
ed” race of frogs a regular de- 
crease of females with increas- 
ing temperature, as shown by 
the adjacent figure (fig. 46), 
while in an “undifferentiated” 
stock there were at 10° 438 fe- 
males, 35 males and 18 inter- 
sexes, at 20° all females and no 
10 15 7) 7, fo Males. WITSCHI’s results have 
Fig. 46. Percentage of females been confirmed recently by 
(ordinate) in a stock of frog tad- J. Prquer (1930) on Rana tem- 
De te eee a poraria and Bufo vulgaris. At 

10° the final sex ratio is 1:1, at 
20° the males are in majority, 
and he 25° there are only males and no females. Ovaries degenerate 
at higher temperatures and testes are formed instead. The most 
probable explanation is that given by JoyeT-LAVERGNE (1930), 
who believes that higher temperatures establish a higher meta- 
bolic rate and variations in the nature of fats, thus inducing 
changes which are characteristic of the male sex. Temperature 
A peers these cases in modifying biochemical 
different results of R Te ee ae eee 
this author operated at 30° on ne _ ener 
; é , a temperature which lies beyond the 
optimum for the frog (yet compare X.15, f). 
pa ing Smut (2,3 pl in» Lion, 
ra ee : ve eh tain any desired sex ratio by varying 
Re a _. : e too the male sex is in excess at higher 
; 8. explanation given by SEILER is that during 


50 


40 
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ripening the sex chromosome tends to remain in the egg cell at 
higher temperatures and that it tends to be ejected into the polar 
body at lower temperatures. Presumably some physical change 
in the egg protoplasm may be responsible for this behaviour. 

Important changes in sex ratio may be induced by tem- 
peratures which lie outside the biokinetic range. hey will be 
discussed in Chapter X (15, f). 


5. Size of populations 


Since the size of cells and of organisms varies with tem- 
perature, it may be asked whether the same rule applies also to 
the final or equilibrium number of individuals of a given species 
living upon a confined substratum. 

It is known in fact that plankton is much more abundant 
in arctic seas than in warm waters, and much discussion has 
arisen about the causes of this phenomenon (see especially J. LozB 
1908a, 1912, DmemMoLt and Strout 1909, Kanirz 1915, OLTMANNS 
1923). According to LOHMANN (quoted from OLTMaANNs) the number 
of diatoms varies with the temperature of sea-water thus: 


Table XLVI 


{| 


Temperature ! ely | 15°—20° | 25° 


Number of diatoms per litre of | 
WEIS > A Renee | 14,800 13,400 310 


The graph 47, which is constructed from the figures of 
G. SmitH (1920), shows an ana- 
logous relation between tempera- 
ture and maximum density of 
bacteria. In Copepods however 
it seems that the maximum size J 
of population is reached at the 
optimum of their development 
(GausE 1931). 

Fig. 47. 

Maximum number of bacteria per 
standard loopful of cultivation fluid, 


attained at various temperatures. 7 77 Dui 
G. SMITH. 
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CHAPTER VII 


PHYSICAL PROPERTIES OF LIVING SYSTEMS 
AT BIOKINETIC TEMPERATURES 


1. Protoplasmic viscosity 


Much attention has been recently devoted to the action of 
temperature upon the viscosity of protoplasm. Yet it should be 
noted that the term is often understood from different points 
of view. Some workers adopt experimental methods in which 
viscosity is judged by morphological changes produced by centri- 
fugation, plasmolysis, microdissection, etc., while others regard 
protoplasmic viscosity, as a factor which hinders free move- 
ments of the reacting molecules (IV.7—9). The difference between 
both points of view will perhaps become clearer in considering 
that a block of gelatin jelly may possess a high degree of 
mechanical viscosity and would not pass through a viscosimeter, 
yet many substances, e.g. electrolytes, diffuse through gelatin 
with about the same velocity as through water (ARRHENIUS 1892, 
FUrtTH and Busanovié 1918a,b, Stites 1920). 

To a chemist or a physicist the attempt of biologists to 
evaluate the viscosity of such a complex system as protoplasm 
or even one of its phases, must seem daring when compared with 
the ease with which the viscosity of chemically pure bodies or 
simple solutions can be determined. Even without this, when 
speaking about protoplasmic viscosity, much caution is necessary, 
as different parts of a cell do possess a different viscosity, which 
is very difficult to determine exactly by current experimental 
methods. 

The first attempt to evaluate by experiment the action of 
temperature upon protoplasmic viscosity was made by B. NEMEC 
(1901). This author observed that starch grains in the root cells 
of Vicra faba moved under the action of gravity much more 
slowly at a low than at a higher temperature, and he explained 
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the phenomenon as a change in protoplasmic liquidity. In 1904, 
GREELEY stated that the consistency of the protoplasm in certain 
protozoans is increased by cold. A few years later, Russo (1910) 
observed an increase of the Brownian movement in the proto- 
plasm of leucocytes and other cells of various species on heating 
up to a temperature optimum, beyond which a decrease again 
occurred. Similar observations were made by Hoaur (1910, 
p. 113) on the eggs of Ascaris. But the problem of protoplasmic 
viscosity in its relation to temperature did not attain a wider 
interest until the centrifuge method entered into biological 
practice. Yet we shall see below that many results gained by 
this method are subject to 
criticism. 

FauRE-FREMIET (1913) 
found by the centrifuge 
method that the _ proto- 
plasmic viscosity in the eggs 
of Ascaris  megalocephala 
varies with temperature as 
shown by Fig. 48. In this 
special case, the effect of 
temperature on the visco- 
sity is great and the tem- 5 10 15 BS 25 a0 1 as 


perature coefficient is high Fig. 48. Effect of temperature ({°) upon 
(Q,, between 8° and 18° protoplasmic viscosity (V) in the egg of 
10 : 


‘ Ascaris. FAURE-FREMIET 1925. 
= 5.0, between 18° and 


30° = about 4.0). 

F. and G. WEBER (1916) evaluated the protoplasmic viscosity 
in the cells of Phaseolus multiflorus by the method of observing 
falling starch grains, and found a Qj) varying between 1.51 
at lower temperatures and 1.14 at higher ones, similar to the 
results obtained for dilute solutions of proteins. Yet in cells 
whose protoplasmic viscosity was high, the temperature coef- 
ficient was equal to 2 or even more. This is in accordance with 
the general rule that bodies of high viscosity possess also a high 
temperature coefficient of viscosity and vice versa (IV.9). Likewise 
WEBER and HoHENEGGER (1923) have observed a reversible 
increase in protoplasmic viscosity in plant cells on cooling, but 
their results do not make it possible to deduce the temperature 


coefficient. 
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Faurt-Fremiet (1924) observed that the protoplasmic vis- 
cosity in the eggs of Sabellaria, determined roughly by cyto- 
plasmic movements on the application of pressure, varied between 
0° and 40°. Panrrn’s (1924) results, obtained by the centrifuge 
method in the eggs of Nereis, similarly show a steady decrease 
of protoplasmic viscosity with increasing temperature (Table 


SLVIL 
Table XLVII 


| Aa 
Temperature Owe | 10° 29 3 30° 


Relative viscosity. ..... . 195 | 1.00 paling: | 0.57 


Likewise Derry (1929), working on cells of Spirogyra, has esti- 
mated that there is a minimum of viscosity at about 25° and 
that above and below this temperature a steady increase in 
protoplasmic viscosity occurs. Similar are the results of THORN- 
TON (1932) who worked on Amoeba with the centrifuge method. 

From the work of all these authors it may be concluded 
that the protoplasmic viscosity shows a steady and continuous 
decrease when the temperature is raised up to the optimum. 
The temperature coefficient of this change varies in different 
kinds of protoplasm. Thus the action of temperature on the 
protoplasmic viscosity within the biokinetic range seems to be 
analogous to the effect of temperature on the viscosity of inanimate 
fluids (F. and G. Weper 1916). Similar steady progressive changes 
have been likewise observed by many experimenters in the 
viscosity of blood, blood serum, blood plasma (SNYDER and 
Topp 1911, Licurwirz and RENNER 19146, LecomTrE pu Novy 
1924) and of the liquid expressed from the eggs of the silk-worm 
(PicortNr 1924, 1931). The Table XLVIII gives the chief re- 
sults as to the Qj) of protoplasmic viscosity. 


Table XLVIIT 


maaan Authority Qio 
Baw of yen Se | Pantin 1924 1.25 + 2.00 
Hypocotyl cells of Pres | | 
multiflorus .. . | F. and G. WEBER 1916 1,14 + 1.51 
Sap from eggs of silo orm . | Picorini 1924 1.48 + 0.03 
Cells of Spirogyra... . . | Derry 1929 2.04 + 0.85 
IH COMORRASCOTUS! ©. a) a nel | Fauré-Frewrer 1913 4.44 +- 0.56 
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On the other hand, Hempronn (1922) obtained quite a 
different kind of relationship in the plasmodia of slime-molds, 
in which he measured the protoplasmic viscosity with the aid 
of an electromagnet, in determining the force just sufficient to 
move a piece of iron introduced into the protoplasm. This author 
observed that the viscosity decreased both on heating and cooling 
the plasmodia, which were previously kept at room temperature. 
He concludes that it is not possible to determine the temperature 
coefficient of protoplasmic viscosity, which he supposes to be 
rather “regulated” by unknown cellular mechanisms. 

Similarly HEmBRUNN (1920) observed that the cytoplasmic 
viscosity of fertilized sea-urchin eggs, tested by the centrifuge 
method, decreased on lowering the temperature to 10° or to the 
vicinity of 0°. Later on (1924a) the same author undertook more 
detailed investigations by the same method on the eggs of a 
marine mollusc, Cumingia. These studies revealed a rather com- 
_ plex type of relation between temperature and protoplasmic 
viscosity. According to HEILBRUNN, the curve representing 
this relation is W-shaped, showing two minima (at about 2° 
and 30°) and three maxima, one at very low temperatures in the 
vicinity of 0°, a second beyond 30° and a third at about 15°. 
In Amoeba dubia, another object studied by the same author 
(1929), the curve seems to be just as complicated (see fig. 49). 
Such a relationship between temperature and _ protoplasmic 
viscosity is difficult to understand and bring into line with the 
progressive change of viscosity with temperature, as observed 
by the other investigators. It is also difficult to conceive why 
such phenomena which evidently depend’ on protoplasmic vis- 
cosity, as the ameboid movement or protoplasmic streaming, 
show a progressive change in velocity with varying temperature 
(compare HEILBRONN 1922, PanTIN 1924, LAMBERS 1925). As 
to the explanation, RuNNsTROM (19286) suggested that at 15—16° 
there is a maximum of mutual attraction of the colloidal particles, 
an assumption which however remains to be demonstrated. 
Hertprunn himself gives no explanation, but he claims that 
similar results have been observed by other investigators in 
various types of cells. There are first the data of HEILBRONN 
on the viscosity of slime-molds, which, as we have just seen, 
seem to possess a maximum viscosity at room temperature. In 
considering however that HeILBRONN operated only at one low 
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temperature (12°) without extending his investigations to 
several other temperatures of the biokinetic zone, it is highly 
questionable whether one is authorized to draw any such conclusion 
from his results. In addition, Hrmpronn stated that the 
protoplasmic viscosity in slime-molds is greatly modified by 
variations in water-content and that the latter increases with 


5 10 15 20 25 30 35 


Fig. 49. Effect of temperature upon protoplasmic viscosity in Amoeba dubia. 
HEILBRUNN 1929. 


sinking temperature. In his measurements one faces therefore 
two opposite effects of temperature, namely the direct action 
of temperature on the viscosity and an indirect temperature 
action on the water-content and thus on the viscosity. 

There are further more recent investigations by Baas- 
BECKING, VAN DEN SANDE-BAKHUYZEN and HOorTELuine (1928) 
which, too, have been claimed by HEILBRUNN (1929) in support 
of his views. These authors attempted to evaluate more accu- 
rately the protoplasmic viscosity in the cells of Spirogyra by 
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observing the amplitude of the Brownian movement in the ex- 
ternal layers of cytoplasm. Unfortunately the results of these 
investigators were rendered unreliable by an unexpected incon- 
stancy of the speed of the Brownian movement at one and the 
same spot at different times. In one of the most “constant” 
spots, they found values ranging from 0,052 to 0,250 (expressed 
in arbitrary length units), but usually the differences were still 
larger. For this reason the standard error of the means is very 
high (table VI in the quoted paper, p. 26) and it cannot be said 
with certainty to what extent the results of the above mentioned 
authors depict the true viscosity of the cytoplasm. 

As to the experiments of HEILBRUNN (1920—1924) on eggs, 
they have been criticized by several biologists, chiefly by SpEK 
(1928). First it is known that the eggs of some marine animals 
undergo a spontaneous stratification during the process of matura- 
tion (see e.g. SPEK 1931, Bank 1931, 1932) and some of them 
- can be forced to such stratification by external agents. It is of 
special interest to note that Payne (1930) found a stratification 
analogous to that which occurs in centrifugation, in the eggs of 
Cumingia on simply reducing the temperature. These results 
_ are obviously of such a character as to make the use of the cen- 

trifuge method in evaluation of viscosity changes with tempera- 
ture in ova of certain marine animals highly problematical. Bank 
(19316, 1932) stated that the eggs of the sea-urchin, treated with 
caffeine, show a “spontaneous” stratification which is analogous 
to that induced by the centrifugation not only in its external 
appearance, but also in its dependence upon certain internal 
factors, so that the eggs which are easily stratified by centri- 
fugation, likewise stratify spontaneously with the application 
of caffein. There is therefore every reason to supose that the 
centrifuge method cannot in similar cases yield reliable results 
unless all the secondary factors, which according to Gray 1931 
(p. 66) and BELEHRADEK (19326) probably enter into play, are 
more accurately known. Special caution is necessary when 
conclusions are drawn from such results as to the temperature 
action on the protoplasmic viscosity. This applies in particular 
to the experiments of HEILBRUNN, in which the viscosity tests 
were made after, and not during, the exposure of the eggs to the 
temperature concerned, so that their real temperature certainly 
differed from that which was measured before their centrifugation. 
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Heitprunn himself (1928, p. 110) very clearly recognizes this 
source of error in his technique.’) 
HEILBRUNN (1929) performed another set of experiments 


on Amoeba dubia, in which he similarly estimated the cytoplasmic _ 


viscosity as being connected with the time necessary to shift 
crystalline granules of the body to one pole. The result again 
was a curve with two minima (one between 15° and 20° and the 
other at about 30°), a maximum in the vicinity of 25° and a plateau 
beginning at 5° and dipping at 15°. On inspection of the curve 
(fig. 49) it is obvious that the left side of the curve from 15° 
downwards is not very convincing, owing to the considerable 
dispersion of the observed points. The right side of the graph 
should be interpreted with great reserve. As pointed out by HEIL- 
BRUNN, the crystalline bodies in this type of Amoeba accumulate 
in the vicinity of one pole, even without centrifugation, at higher 
temperatures, and it is not at all possible to determine to what 
extent the results are affected by this secondary factor. 


In a recent investigation, Romrsn (1931) tried to determine 
the consistency of the protoplasm in Nitella flexilis from the 
shape which the protoplast assumes when plasmolysed, and he 
found a maximum of consistency at 21°—22°. When it is con- 
sidered however that the method adopted by Romisn is not 
sufficiently accurate to allow of a quantitative determination, 
and that the simultaneous effect of protoplasmic adhesiveness 
(VII. 2) is not excluded, no definite conclusion may be drawn from 
his observations. 


It is obvious that much more work is to be done before it 
will be possible to obtain a clearer idea about the viscosity of 
protoplasm and its dependence on temperature. 


In hydrophilic colloidal solutions the viscosity at a given 
temperature depends also on the time elapsed from the moment 
when the solution attained the temperature equilibrium. This 
time-factor, which seems to be a characteristic feature of hydro- 
philic colloids, and which is practically absent in true solutions, 
is largely known chiefly from the experiments of J. LoEs (1922), 
on gelatin solutions. It is thus to be expected that the viscosity 
of protoplasm at a constant temperature too will depend on the 


1) See also CosTELLO, 1934. 
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time-factor. However so far no such investigations have been 
undertaken (see WEBER and HoHENEGGER 1923 CosTELLo 1934). 


. 


2. Adhesiveness of protoplasm 


The adhesiveness of protoplasm is usually determined as 
the degree of difficulty with which a cell, moving on some solid 
substance, releases itself from the latter, or, alternatively, the 
degree of ability of plant protoplasts to adhere to the cell walls 
when plasmolysed. It was known as early as 1885 to H. pn VrtEs 
that the tendency of plant cells to assume a round shape, when 
plasmolysed, is increased at higher temperatures. The same 
phenomenon has been demonstrated more recently by WEBER 
and HOHENEGGER (1923) on Spirogyra. FENN (19226) has found 
in white blood corpuscules that the percentage of cells which 
adhere to glass is greatest in the vicinity of 20°. In the degree 
of adhesiveness there is a considerable time-factor, whose length 
varies with temperature. 

The adhesiveness of protoplasm is in some way associated 
with its viscosity (compare PFEIFFER 1933; CHOLODNY and 
SANKEWITSCH 1933), yet it would be premature to confuse the 
one with the other or to regard them as parallel phenomena. 
The chief reason for such caution lies in the fact that the viscosi- 
metric methods take only the cytoplasm into account, whereas 
the adhesiveness applies only to the cellular surface, whose pro- 
perties differ greatly from those of the interior of the cell. It 
is thus correct to speak of the adhesiveness and the viscosity of 
living matter as two separate qualities, as does e.g. FENN (19225). 
Faurt-FREMIET (1929) has actually demonstrated that the adhesi- 
veness of the amebocytes of a starfish is small at 0°—5°, while 
it must be expected that the protoplasmic viscosity will be high 
at such a temperature. 


3. Elasticity and other mechanical properties 


As it is known that the thermal coefficient of change in 
volume or length in colloids is related to the colloidal structure, 
it is interesting to investigate these constants in living tissues. 
JENSEN (1909) found that a normal resting muscle shortens 
progressively on warming and lengthens on cooling. WOHLISCH’s 
(1926) investigations on a living elastic ligament yielded more 
detailed results. This author measured (a) the cubical thermal 
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coefficient of dilatation, which indicates the volume change 
(reduced to the actual volume at 0°) taking place on heating 1°; 
(b) the linear thermal coefficient of dilatation, which indicates 
in an analogous way the change in length or in breadth. In 
anisotropic bodies, however, this coefficient is not the same for 
longitudinal and transverse dilatation. The coefficients found by 
Wouttscu besides are not equal for different temperatures, and 
at very high temperatures even their sign varies: 


TABLE XLIX 


Thermal coefficient of dilatation 


Temperature || 10° | 20° 30° | 40° flee 65° | 70° 


| 
longitudal |—0.0044—0.0038 —0. es alt 0010. —0. 0007 —0.0023 l_o, 0031 


transversal | +-0.0034) +-0.0031 +-0.0022 +-0.0015) +-0.0008|—0.01 71\—0. 0067 
cubical +0. 0024 +0.0024 +0.0023' +0.0020 +0. 0009 —0.0365 —0.0165 


A similar behavior is observable in rubber and in some 
crystallized inorganic substances (see WOHLISCH 1926 for further 
details and for previous literature). 

From the experiments undertaken by Hieronymus (1913) 
on the frog’s sartorius it may be concluded that the modulus 
of elasticity increases slightly at higher temperatures: 


TABLE L 
a - 3 7 
Toad (9) OOM Saar ae | 10 | 20 | 40 
—= SS = — z —! 7 ———_——— = ——— ——— 
Length at 5.59 . . | 100 | 104.4 | 108. 113.0 | 115.2 | 117.4 
Length at 12.5° . . | 100 | 105.5 | 112.9 | 116.6 | 118.9 | 120.4 


A similar result has been recently noticed by CoLLE (1929), 
DE NAYER and BovuckKaErt (1931). 


4. Osmotic resistance. 


According to HAMBURGER (1886) red blood cells lose haemo- 
globin in hypotonic solutions at a definite osmotic concentration, 
which is independent of temperature. His experiments however 
were criticized by JAriscH (1921) who found on the contrary - 
that haemolysis takes place within 15—20 minutes at a threshold 
concentration of NaCl, which is not equal for different tempera- - 
tures, being higher at low and lower at high temperatures. There 
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is a maximum resistance (characterized by a minimum threshold 
concentration) at a definite temperature, which varies from one 
species to the other. The change of resistance according to tempe- 
rature is reversible, in view of the fact that erythrocytes, which 
showed no haemolysis in 0.44°% NaCl at 44°, are readily haemo- 
lyzed on cooling. Addition of neutral phosphates increases not 
only the resistance but also the influence of temperature exerted 
on it. This influence varies in the examined cells of various mam- 
mals in the same sequence as their natural resistance and as their 
phosphate content. (See further Jacops and Parpart 1931.) 


5. Bioelectric potentials 


In a reversible galvanic cell the electromotive force obeys 
the law of Grpps and HELMHoLtTz, being proportional to the 
absolute temperature. BERNSTEIN (1902) examined the magni- 
tude of the P. D. (potential difference) of the action currents 
of muscle and nerve at various temperatures and arrived at the 
conclusion that there is a fair amount of agreement with the 
membrane theory of bioelectric currents. As a matter of fact, 
it was known to several authors previous to BERNSTEIN that in 

some cases the P. D. of bioelectric phenomena increases with 
the temperature up to a definite optimum: ENGELMANN (1872), 
BacH and O§FHLER (1880), V. GENDRE (1884; P. D. of frog skin). 
Likewise WALLER (1904) found that in a cat’s foot, whose nerve 
was stimulated, the P. D. was 0.0065 volts at 9° and 0.0122 volts 
at 35°. Yet the proportionality between P. D. and absolute tem- 
perature was not established by Lesser (1907) for the frog skin. 
Recently Lunp and Moorman (1931) found that the P. D. ‘of 
frog skin varies with temperature to a much more important 
degree than postulated by BERNSTELN’s hypothesis, and a similar 
statement has been made by Umrats (1934) for the action cur- 
rents in Nitella. . 

Analogous phenomena in plants have been studied by HaakE 
(1892), Prowman (1903) and Boss (1907). The electromotive 
force of the current of injury has been found to decrease on cooling 
and the current may even change in direction at low temperatures. 

There is strong evidence that in many other bioelectric 
phenomena the P. D. increases on cooling and decreases on heating. 
BURDON SANDERSON (1899) observed this to be the case in the 
action currents of the frog sartorius muscle, and also GARTEN 
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(1901) described a similar effect with the same object, though 
the difference was but slight. From the results of K. Lucas (1909) 
on the action currents of the muscle it may likewise be seen that 
the P. D. of the diphasic wave increases on cooling: 


TABLE LI 


Average maximum P. D. in volts at 


8° | 18° 
40.0478 | +0.0405 
—0.0669 |  —0.0476 


Ko p’s (1928) results obtained with a frog’s nerve also show 
a decrease in P. D. with a rise in temperature. As far as the 
discharges of electric organs in fishes have been measured in 
relation with temperature, it seems that their electromotive 
force too increases on cooling and vice versa (GARTEN 1910a, b; 
Kork® 1910). 

The action of temperature upon the P. D. of bioelectric 
phenomena is thus far from being uniform. Bioelectric currents 
may be accordingly divided into three groups: 

(a) The P. D. increases in proportion to the absolute tempe- 
rature, the change in P. D. being small. 

(b) The P.D. increases on heating .much more than to 
merely remain proportional to the absolute temperature. 

(c) The P. D. decreases on heating and increases on cooling. 

The third of these groups seems to be the most numerous, 
as far as present knowledge goes. Even when it is taken into 
account that the electric conductivity of cells and tissues in- 
creases on heating (see VII. 6), and that temperature variations 
affect not only the actual P. D. but at same time the electric 
resistance, the discrepancies in the results are too great to 
enable one to reduce all the phenomena concerned to a uniform 
basis. 

6. Electric conductivity 


As regards its relation to temperature, the electric conducti- 
vity of living systems behaves in a way which is analogous 
to the conductivity changes in solutions of electrolytes. The 
following table may suffice to illustrate this: 


— 
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. TABLE LII 
og a ee 
Range of 
System Ais tempe- Authority 
rature 

= —— = : = 
KCl in water . . . . . /1.22—1.24) 18—25° | computed from Noyes 
NH,Cl in water .... | 1.23 18—25° | computed from Noyzs 
NaCl in water... .. | 1.25 10—20° | OsTERHOUT 1914 
Sea-water ......./] 1.26 | 10-—20° | OsterHour 1914 
Laminaria sacharina(dead) | 1.26 10—20° | OsteRHOUT 1914 


Laminaria sacharina (liv.) 1.32—1.34) 10—20° | OstERHOoUT 1914 

Leaves of ivy (Hedera helix) es 10—20° | Dixon and BEennerr- 

Criark 1928 

Leaves of ivy (Hederaheliz)| 1.38 20—30° | Dixon and BENNETT- 
CxiarK 1928 

Leaves of ivy (Hedera helix) 1.13 30—40° | Dixon and BENNETT- 

| CiarK 1928 


Leaves of Aloe (dead). . E21 20—30° | Sen 1928 
Leaves of Aloe (dead). . | 1.18 30—40° | Sen 1928 
Leaves of Aloe (living) . . 1.25 20—30° Sen 1928 
Leaves of Aloe (living) . . } 1.12 30—40° | Sen 1928 


_ Pulvinar of Wimosa (dead) | 1.16 25—35° | Sen 1928 
Pulvinar of Wimosa (dead) | 1.07 35—45° | Sen 1928 
Pulvinar of Mimosa (living) 1.29 25—35° | Sen 1928 


Pulvinar of Mimosa(living) 1.05 35—45°9 | Sen 1928 


Leaf of Aloe(dead) . . . | 1.22 15—35° | BELEHRADEK 
and authors 1935 

Leaf of Aloe (living). . . 148 | 15—35° | BELEHRADEK 
| and authors 1935 

iiverotthe dros... . /1.15—1.34| 15—25° | BELEHRADEK 
| and authors 1935 

Brain of the rat . | 1.29 10—20° | BELEHRADEK 
; | and authors 1935. 

ipraimottherat. . . . . |) Ll 20—30° | BELEHRADEK 
and authors 1935, 

Visceral fat of the cow . | 1.32 15—25° | BELEHRADEK 
and authors 1935 

Visceral fat of the cow . | 1.41 25—35° | BELEHRADEK 


and authors 1935 
BELEHRADEK 

and authors 1935 
BELEHRADEK 

and authors 1935: 


Cartilage of the calf . . . 1.26 20—30° 


Centrifuged blood cells (pig) i L3L 20—30° 


g* 
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Even in considering that the determination of electric con- 
ductivity of living systems is not a simple problem and that 
moreover the electric capacity of tissues usually hinders the 
measurement (GILDEMEISTER 1928), the results tabulated above 
may still be taken as fairly reliable. In fact there is very close 
agreement between living systems and simple salt solutions. 

OstTERHOUT (1914) showed that the temperature coefficient 
of electric conductivity is somewhat smaller after the death of 
the plant tissue. Similar results were obtained by SEN (1928), and 
by BELEHRADEK and collaborators (1935 — see the above table). 
This may be explained by the fact that in dead tissues the ex- 
change of electrolytes becomes more rapid owing to the post- 
mortem increase in cellular permeability, and that the temperature 
coefficient of the rate of diffusion varies with the rate itself, as 
has been already pointed out in IV. 9. 


CHAPTER VIII 
FREEZING AND FROST RESISTANCE 


1. Freezing and supercooling 


When a watery system is cooled to its freezing point, 
ice formation takes place. Under certain conditions, however, 
the system may be cooled even below that point without ice 
formation, which may occur subsequently on further cooling 
or on changing the conditions of the system. In such a case heat 


time — 


Fig. 50. Supercooling of a body, illustrated on an ideal case. 
Abscissa = time, ordinate = temperature. 7, = freezing point of the 
body, T, = temperature of the bath. From the moment a the body, 
~ instead of freezing, passes into a supercooled state, which is disturbed in 
the moment }. The body begins to freeze and evolves heat, owing to 
which it maintains a temperature identical with its freezing point, from the 
moment ¢ onwards. When the body has completely frozen, its temperature 
falls again untill it becomes equal to the temperature of the bath (d). 


is produced and the system freezes, and assumes a temperature 
which is equal to its freezing point and which does not fall again 
until all the water is transformed into ice. 

Phenomena of supercooling have often been described in 
living systems and also some of their causes are known. Figure 50 
represents the course of an ideal case. More details are to 
be found in Konpts (1898), BAcHMETJEW (1899—1901), BARTETZKO 
(1910), H. W. Fiscuer (1911), P. Jensen (1913), Hopmr (1924), 
AxeERMAN (1927), TIGERSTEDT (1910—14), W. Roprnson (1929) etc. 
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Different authors have often observed a very unequal frost 
resistance in one and the same type of organism. This is obviously 
due to the fact that the degree of supercooling varies with many 
external and probably also internal conditions, which often 
remain undetermined (HOpeR 1924). Much caution is therefore 
necessary in estimating frost resistance in organisms, and in 
comparing data gained by various investigators often under 
unlike conditions. Even when ice crystals are found around the 
tissue or in the free spaces in it, and when the tissue assumes the 
external appearance of a frozen body, it is not yet proved that 
the tissue itself is frozen. Many investigators have long agreed 
that death occurs in cells inside of which ice formation has taken 
place, and that no ice was really formed inside the living matter 
when a recovery from a frozen condition was noted (see especially 
Povucuet 1866, Kopis 1899, Prcrnr 1893a, 6, BacumEtTsEWw 
1899—1901, H. W. FiscHEerR 1911, P. JENSEN 1913, CAMERON and 
BROWNLEE 1914, H6pER 1924, Payne 19266, 1928, WriamMann 
1929). 

The freezing point of protoplasm and of the organic liquids 
depends obviously on the presence of crystalloids dissolved, and 
varies therefore to a great extent. May it suffice to quote here 
the following data: 


TABLE LI 
System | zie Sane Authority 
| point Y 
Rana fusca (whole) ..... —0.54° WEIGMANN 1929 
Lacerta agilis (whole). . . . . —0.68° WEIGMANN 1929 
Rana pipiens (whole) . . . . —0.44° CAMERON and BROWNLEE 
1914 

Loe OHI ps 6 a5 <5 Sc —0.607° | Arkrns 1909 
Tedkoyoyol wt lS 4 a Ao < —().5529 | Arkins 1909 
Egg juice of silkworm ....| —0.6° PiGoRINI 1931 
Same at the end of hibernation. | —2.0° Picorini 1931 
HayepeS eM 5 ae Ge Go Ge —0.45° P. JENSEN 1913 
NrOCISs bp GOdan.. Sn ee eee —0.44° Urano 1908 
Cell-sap, Aloe arborescens. . . || —O.14° Borrazzr 1925 
Cell-sap, Agave americana. . . | —0.52° Borrazzt 1925 
Cell-sap, Sedum maximum .. | —0.44° Borrazzt 1925 


In the majority of instances the freezing point lies only 
slightly below 0°C. Yet the tissues may be supercooled to a 
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considerable degree, e.g. a frog muscle to —10° or —18° (Kopis 
1898), an egg of the silkworm to —18° or —24° (PrcoRrN1 1931). 
Likewise REIN (1908) gives a full account of numerous experi- 
ments, from which it is evident that plants whose cell sap shows 
an almost equal osmotic pressure, manifest considerable diffe- 
rences in frost resistance. The following table is taken from REIN: 


TABLE LIV 
Species Osmotic pressure of | Death occurred 

he sap, atmospheres at °C 
Wepenthes Curtis. . . . s : 6.30 — 2.00 
RETO.” OO ere 6.30 — 2.26 
Helodea canadensis ..... 5.60 — 4.60 
mectiveceredia 5 2 5. 2 | 6.65 — 7.80 
OMOGUCMES ee sn 2 Ses 5.95. —14.20 
Sphagnum acutifolium .. . . | 5.95 —15.80 
Eiederdenea tase oye 1s Ss 6.65 —23.30 
Oscillaria Froehlichti. . . . . 5.60 —65.00 


2. Factors favouring supercooling 


The state of supercooling is favored by the following cir- 

cumstances: 
(a) Dry surfaces 

Ice formation proceeds from crystallization centres which 
on their turn are formed on wet surfaces. Therefore when the 
surface is dry or coated with material insoluble in water (fat, 
wax), the system may be easily supercooled. Thus cut potato 
tubers freeze at —1°, while entire tubers may be cooled to —3° 
or to —4° without injury. Kopts (1898) saw that a frog muscle, 
wrapped in dry cotton-wool, could be greatly supercooled. 


(b) Capillarity 
In capillary spaces water may be frozen only at temperatures 
below 0° C, and a relationship exists between the size of the space 
and the degree of supercooling (Mousson 1858, Durour 1861, 
Miiier-Tourcav 1880, BitHLeR 1905). Morrison (1924), BAnrR- 
MANN (1932) and others have so explained the supercooling in 
nerve, in bacteria, higher plants, etc. 
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(c) Bound water 

Water may be supercooled similarly when it is bound in 
hydrophilic colloids, and the degree of possible supercooling 
depends on the force with which the water is held (H. W. F1- 
SCHER 1911). This force increases with the content of such col- 
loids, among which especially the pentosans seem to play an 
important part in the frost hardiness of plants (HooKER 1920, 
Rosa 192la, 6, R. Newton 1923—1924). Besides, the frost 
resistance will increase with decreasing water content, as it is 
known that such colloids are less hydrophilic when their water 
content is great. No doubt this is the chief cause of the high 
frost resistance of many spores, cysts, dry seeds and analogous 
formations (DAVENPORT 1897—1899, Raum 1920, TomKrns 1929). 
Of late the same principle has been applied to higher plants 
(HooKER 1920, Rosa 1921la, b, StrausBaucH 1921, R. Newron 
1923—1924, B.S. Meyer 1928, Novikov 1928, Nrusson-LEISSNER 
1929, Bopko and Porowa 1929, Bussk and BuRNHAM 1930) 
and to insects (PAYNE 1926a, 6, 1927, 1928, CHarman 1928, 
Hotmautist 1928a, W. RoBrinson 1928, 1929, SacHarov 1930). It 
has now been sufficiently demonstrated that the frost-hardiness 
of plants and of insects is associated with the hydrophilic power 
of their tissues. Dehydration in hypertonic media seems to 
increase the hardiness in certain plant cells (FUKUDA 1932). 

(d) Protection against shock 

The protoplasm of living bodies is particularly well protected 
against mechanical shock which might cause its sudden freezing 
in an supercooled state (PUTTER 1927; see also Kopts 1898). 

It is important to note that the ability to assume super- 
cooled state seems in certain cases to be intimately connected 
with the living condition of cells. F. J. Lewrs (1920) has found 
that leaves of Pirola rotundifolia freeze at about —32° when 
living, but at —3.1° to —3.5° when dead. On the contrary Kopis 
(1898) pointed out that the tissues of warm-blooded animals 
can be progressively cooled below their freezing point, though 
they had already been killed by cold at a temperature above 0°. 


3. Limits of frost resistance 


In considering that supercooling depends on diverse factors, 
it is not always easy to determine the true limit to which a given 
organism may be cooled without dying. Moreover the length of 
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exposure seems to play an important part (see VIII. 6). It is thus 
not surprising that various authors have often found a different 
degree of frost resistance in one and the same organism. It would 
be outside the scope of this monograph to tabulate here the 
numerous data now available. Many results may be found 
in the following papers and monographs: Davenport (1897), 
PFEFFER (1901), H.W. Fiscuer (1911), Kyziy (algae, 1917), 
Britton (fishes, 1924), Pirrer (1927), Ticerstept (1910—14). 

It may suffice here to point out some general features of 
frost resistance. 

It is well known that certain organisms in a dry state, like 
grains, spores, cysts, etc., may withstand exposure to tempera- 
tures of —100° or more, even to temperatures approaching the 
absolute zero: 
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TABLE LV 
Suet | Resisted ere 
Sys Authori 
me ue for y 
Dry seeds ....7: | liquid air >3 weeks P. BECQUEREL 1925 
Dry seeds | liquid hydrogen >77 hours P. BECQUEREL 1925 
Dry seedss =. — 250 >1 hour THISELTON-DYER 
| 1899 
Dry seeds /—180° to —190°| >100 hours |H. T. Brown and 
| EscomBeé 18981) 
Pollen grains . . | re several hours | P. BecQUEREL 1929 
Spores of ferns. | —27()° | 6 hours P. BECQUEREL 1930 
Spores of mosses. | == OTe | 1 hour /P. BECQUEREL1932a 
Dry seeds of legu- 
minous plants . | —190° 175 days Busse 1930 
Dried seedlings . | ST | several hours | BECQUEREL 1932) 
| 
Eggs of certain | | 
iMSOCtS Ta uae ee —190° 31% hours Raum 1921 
{ | —190° | >20months | Raum 1924 
Dry nematodes I Se | several hours | Raum 1923 
and tartigrades | —253° >45 minutes Raum 1924 


A high frost resistance has also been reported by many 
investigators for certain protozoa, algae and lower fungi, even 


in an active state: 


1) This paper contains the earlier bibliography on the resistance of 
dry seeds to temperatures of liquid gases. 
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TABLE LVI 


Species 


Resisted 


Authority 


Putrefactive bacteria . 


Bacteria (various). 


: —182° (1 hour) 
| 


| —70° to —120° 


Dewar and McK ENDRICK 
1892 
Pictet 1884 


(6 days) 
Streptococcus. | —18° Crrovicz 1928 
(> 6 weeks) 
Luminous bacteria —20° Morrison 1924 


Luminous bacteria . 


| —182° to —190° 


Macraypen 1900 


| (+20 hours) 
Bacteria (various, including | 
luminous) —190° 
(>6 months) 


|—190°( >7 days) 


MaAcraypDENn 1902 


MacFrayDEN and Row- 
LAND 19004 


Saccharomyces (sp.) . . 


Bacteria and saccharo- 


mycetes . —252° MacraypEen and Row- 
(>10 days) LAND 1900) 
Beggiatioa alba . —47° Ren 1908 
Mucor mucedo —70° to —110° 


| (several hours) | CHopat 1896 


[ — 70° (8 days) | 
Mouldsand fungi ape —183° KArcHer 1931 


(> 13 hours) | 


Chlorella . —182°(1 hour) 


Warsure 1919 


Trypanosomes —1]90° DE Jone 1923 
(up to 2 hours) 
Dunaliella viridis . —35° Baas-BEcKING 1930 


It is most probable that such a high degree of cold resistance 
is due chiefly to the small size (capillarity) of the cells, as suggested 
by Morrison (1924). . Yet many primitive organisms seem ¢a- 
pable of being supercooled even without regard to the size of 
their cells. The full list of data published by Retry (1908) 
shows that among plants many lower cryptogams are highly 
frost-resistant. 

Likewise many terrestrial insects are particularly well adapted 
to withstand temperatures as low as several tens of degrees 
below 0° (see e.g. DAVENPORT 1897—1899, BAcHMETJEW 1899 
'-—1901, CAMERON and Brownier 1914, Raum 1921, 1924, Fans 


- et 
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and STAEHLIN 1921, Duvat and Portier 1922, PAYNE 1926 
—1929, W. Ropryson 1929, SacHaRov 1930). 

Tissues of homoiothermic organisms obviously cannot resist 
very low temperatures, yet there is now some information at 
hand that they, too, can be supercooled, even though not to 
such a degree as the cells of poikolotherms: 


TABLE LVII 
ce te a ee 


Tissue | Resisted ee 
| uo for Serie 
Spermatozoa of 
man... . . || —6° to —17° — DAVENPORT 1897— 
1899 
Chick embryo.) —7? a short time | Picrer (KAmsTNER 
1895) 
Chick embryo . —4° to —6° 3—7 hours Lipscutitz and 
Inptanes 1929 
Explants from rat : 
eMmpryon eo —5? 5 days Simontn 1931 
Explants from 
chick embryo . | —10° to —25°| 3—33 hours Bucciante 1929), 
1931 
Mammalian | 
muscles .. . | —7° to —10° | (begin to freeze) | Borrazzt 1920,1925 


4. Hypothetical causes of death by freezing 


The question why cells die on freezing might appear very 
simple, yet it is far from being so. On the contrary there is still 
much controversy on this point and it seems that the mechanism 
of death by freezing is not the same in every instance. Let us 
summarize in the form of a scheme the opinions which have been 
hitherto put forward with regard to the mechanism of frost- 
injury: 

I. Ice forms in the cells, and the cell-wall bursts by the di- 
lation of the freezing water. This, one of the earliest opinions, 
was definitely abandoned when GOPPERT (1830) and others could 
not detect any traces of bursting of cells in plants on freezing. 
(see also MorrEN 1853, Sacus 18604). 

II. Ice formation is harmless in itself, but the cell is cone: ed 
on thawing, as was first supposed by Sacus (18606) for plants 
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and by Hoprr-SEYLER (1877) for animal tissues. Horrp-SEYLER 
suggested that the tissue on thawing is suddenly flooded by 
distilled water and thus injured. This hypothesis was criticized 
by some botanists, especially by GOrrertT (1871) and by Bar- 
TETZKO (1910), yet it seems now tolerably certain that under 
special conditions of temperature many plants, which can with- 
stand freezing, are killed by a rapid thawing, as has been more 
recently found by OcKERMANN (1919, quoted by Noyrkov 1928), 
AKERMAN (1927); Novikov (1928), by D.C. Smira and BressMAN 
(1980), W.S. Ingry (1938, Protopl. 20, p.105) and FuxKupa (1932). 


TII. Ice is formed around the cells, which are thus damaged 
from without, even when no ice is produced inside. As to the 
ultimate cause of death by such extraneous ice formation, which 
had been supposed by Sacus (1862) and Priiirevx (1869) and 
was observed directly by Montscu (1897) and other botanists, 
three different mechanisms have been suggested: 

(a) The cell is compressed mechanically and thus destroyed 
(Maximov 1914, 1929, LepescHKIn 1924, Rano 1924, W. 8S. Ita 
1927). 

(b) The forming ice withdraws water from the cell, the latter 
is desiccated (MULLER-THURGAU I880, 1886) and the concen- 
tration of substances dissolved in it or in the vacuole increases 
so as to become toxic or injurious to the colloidal state of the 
living matter (GoRKE 1906, Liprorss 1907, H. W. Fis@hrr 
1911, Maxmoy 1914). On the other hand, Morrscn (1897) 
thought that the dessication of the cell destroys its fine archi- 
tecture. Rann (1924) suggested the same mechanism in certain 
animals. 

(c) Ice forming outside the cell destroys the protoplasmic 
surtace-layer, which is the least resistant part of the cell. This 
hypothesis, which has been put forward by Maximov (1912), 
has not found much support (see AKERMAN 1927, Payne 
1928). 

The idea that death by freezing is nothing else than a 
death by drought has gained much popularity especially among 
botanists (besides those mentioned above see e.g. MaTRUCHOT 
and Mo irarp 1902, Wrecanp 1906, Kyurn 1917, ScHanpER 
and SCHAFFNIT 1919), yet it soon became evident that this is 
not the sole agent by which cells.are killed when subjected to 
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frost, as first pointed out by Prerrer (1904), Mxz(1905), IRMscHER 
(1912) and CzapEx (1913). On the other hand, BarrrrzKo (1910) 
saw that certain moulds may die in an supercooled condition 
without any formation of ice. Besides, many organisms are 
known to withstand ice formation in their bodies without damage 
{see VIII. 5). 


IV. Ice is produced in the interior of the cell, with a simul- 
taneous ice formation around the cell. This again may involve 
a double source of injury, viz., a mechanical destruction of the 
cell interior by ice crystals, or a frost coagulation of protoplasm, 
analogous to that of colloids. The latter of these mechanisms 
was admitted by Sacus (18605), who, too, examined experi- 
mentally the coagulation of white of egg by freezing. Other 
similar investigations of colloids on the same lines were undertaken 
by Motiscw (1897) and LorrermoserR (1908). More recently 
STILEs (1930a) has expressed similar ideas. 


VY. Death occurs without ice formation. by the direct action 
of cold, when the temperature falls beneath a specific minimum. 
Mzz (1905) was the protagonist of this view. He suggested 
that in plants which resist ice formation, the ice rather plays 
a protective part, because it prevents, by its heat production 
and by its low thermal conductivity, a too rapid approach to 
the minimum. The experiments of BAaRTETzKO, quoted above, 
len Support to the hypothesis of Mez. Similarly Rann (1924) 
believes that ice protects certain insects against rapid frost- 
injury by its low thermal conductivity. : 

It is obvious that none of these mechanisms can be regarded 
as the universal cause of death by frost, but that several different 
mechanisms are often responsible for the frost-injury in various 
systems, and in one and the same system under unlike conditions. 
Sacus (1860) suggested at least three distinct causes of damage 
by frost and similarly Prerrer (1904), Mez (1905), Maximov 
(1914), R. Newton (1923), LepEscHKIn (1924), Hoper (1924), 
Axrrman (1927), PirrEeR (1927) and others admit various me- 
chanisms causing death. In the first place it is clear that there 
is a difference between animal and vegetable cells, viz., that 
the vacuole of the plant cell sets up special complications in the 
ice-formation. For the rest, the reader is referred to more 
detailed reviews by H. W. Fiscuer (1911), Akerman (1927), 
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W. S. Instn (1927), Nitsson-LeissNer (1929) and Maximov 
(1929). 

The most important changes which have been found to take 
place in freezing will be discussed in the next paragraph. 


5.Changes produced by frost 
in the cell 


Moxiscu (1897) observed that when a cell (Spirogyra, Amoeba) 
is cooled below the freezing point of water, ice crystals are first 
formed around its surface, and water is withdrawn from the 
interior. There is a considerable shrinkage of the cell. The vacuole 
of plant cells shrinks to such a degree as to assume the form of 
fine canalicules.. When the cell-sap contains dyes, the vacuole 
appears as a thin coloured thread, or is reduced to small drops, 
intensely coloured (Maximov 1914). Considerable shrinking 
takes place similarly in Amoeba (MouiscH) and in Stentor (GREE- 
LEY 1902a) when frozen. A more detailed discussion of the 
literature on this subject is to be found in AKERMAN (1927). 
Many plant cells die when ice is once formed around them, but 
many others recover on thawing, as was known already to 
GOPPERT (1830), Sacus (18606); (see further ScHANDER and 
ScHarrnit 1919, WarpurG 1919, ZacHarowa 1925, AKERMAN 
1927, Maxrmov 1929, Stizus 1930a). 

Similarly it is admitted that certain animals withstand ice 
formation inside their bodies (see especially Pictrr 1893a, 5, 
BACHMETJEW 1901, BruNow 1912, Ptrrpr 1927), yet the ma- 
jority of investigators deny this possibility (PoucHEr 1866, 
CAMERON and BROWNLEE 1914, WEIGMANN 1929, etc.) Besides, it 
may happen that ice is formed without injury, but the organism 
is killed on further cooling, when its specific minimum is reached. 
Such a case has been reported by BRunow (1912). A frog muscle 
freezes completely at —4.06° and recovers after thawing, but 
is killed when cooled in the frozen state to —4.1° or —4.2°, It 
must be supposed that frost-resistant plants are killed similarly 
when their temperature decreases below a certain degree, as 
suggested by Muz (see VIII. 4). 


When the cooling is rapid enough, ice may appear also in 
the interior of the cell (Mottscu 1897). There is no satisfactory 
evidence that a cell would recover after ice had been formed in 
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it, yet such a possibility is admitted by Pi'rrmr (1927 ) and StimEs 
(1930a). 

Consequent upon freezing, certain structural changes in the 
protoplasm have been reported. In the staminal hairs of J'rades- 
cantia, KUHNE (1864, 1869) saw the protoplasm separate into 
several clumps, when cooled to —14°. T 16 change was quickly 
reversible on warming. A similar observation was madé ‘by — 
Kiem (1895). Yet this author emphasized that many objects 
die on freezing without any noticeable change of protoplasmic 
structure. In other cases Kiem described the appearance of 
granules in the cytoplasm. Naxcxti (1860), Motisca (1897), 
MarrucHor and Mo.irarp (1902) found cytoplasmic vacuoli- 
sation to be a typical effect of freezing. MarrucHor and Mot- 
LIARD saw that vacuoles formed also in the nucleus. PayNE (1930) 
observed a general destruction of protoplasm in various animal 
tissues after freezing. But again some tissues died without showing 
any appreciable microscopical change. 


As to the instances in which death occurs by the direct 
action of cold without formation of ice, there is no information 
~ at hand as to whether the protoplasm is modified in some charac- 
teristic way. Neither is it easy to say to what degree such cases 
are comparable with the phenomena of chilling, chill-coma and 
death by chilling, which are discussed in full in Chapter IX. 
At any rate, the protoplasmic changes described hitherto as. 
due to the action of frost are not typical, and the same modifi- 
cations of the protoplasmic structure have often been found 
to accompany injury by heat (see X.6,13) and by other 
agents. ji 
Besides these morphological phenomena, the action of 
temperatures below 0° involves a change in the chemical pro- 
perties of living systems. It was known to KUHNE (1864—1869) 
that a liquid rich in proteins separates from a frozen muscle on 
thawing. HERMANN (1871), who repeated these experiments, 
stated that the liquid is acid. It is now known that this is 
due to the accumulation of lactic acid at the time of thawing 
(FLercHER 1913; see further bibliography in Borrazzr 1925). 
R. B. Harvey (1918) stated that the liquid expressed from 
frozen leaves has a lower pH-value than normal. He believes that 
the increased acidity favours the denaturation of proteins by frost. 
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HeiLtBronn (1929) has found that leaves of Polypodium vulgare, 
when killed by an exposure to —17°, produce prussic acid. This 
phenomenon however is not a specific effect of freezing, but ac- 
companies death by mechanical injury as well. Neither are the 
chemical changes which take place in the muscle an exclusive 
sign of frost injury, because lactic acid is formed by many other 
kinds of injury in muscle. . 

DexteR, TorrinNGHAM and GRABER (1930) find that the 
concentration of electrolytes in the liquid expressed from plant 
tissues increases when the plant has been previously frozen, and 
so likewise does the electric conductivity of the liquid and that 
of the tissue (1931). This observation has been confirmed by 
S. Ivanoy (1931), who finds that the concentration of electrolytes 
shows a marked increase even before any morphological change 
can be observed. The phenomenon is at first reversible, and 
gains in intensity progressively with the length of exposure until 
death occurs, after which moment there is no further increase in 
conductivity. IvaNov assumes that electrolytes separate from 
proteins under the action of low temperatures. 


6. Time-factor in the effects of frost 


It has long been appreciated that time is an important 
element in the action of frost (GOpPERT 1830. The earlier data 
have been reviewed by DaveNrort 1897—1899, to whose 
book the reader is referred). The general conclusion is that 
at a given temperature the effect increases with the time of 
exposure, or that at a higher temperature a longer exposure is 
necessary to produce a given effect than at a lower temperature. 
Let us quote a few instances from the more recent and perhaps 
more accurate work. 


According to Qvasatr (quoted from Prgorint 1931) the 
embryos of the silkworm are killed by —10° in 49 days, by —24° 
in 30 days. Ran (1924) observed that certain insects, which 
withstand a short exposure to — 15°, die even at —1° when the 
exposure is long. 

G. SmirH (1920) found that the rate of killing by frost in 


the case of Staphylococcus depended on temperature and time, 
as follows: 
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TABLE LVIII 


a 


Temperature 90% killed after All killed after 
(days) (days) 
+8 to +10° | 15—31 >60 
ee | 8—9 19 
- == 69 5226 13 
—11° | 3—4 9 


Hocetop (1930) has examined the germinating power of 
potato tubers as influenced by frost, and has arrived at the 
following figures: 


TABLE LIX 
Temperature | Slight injury | Strong injury Death 
= = ——— 
—4° | 6 hrs. 8 hrs. — 
—6? | 41% hrs. — 8 hrs. 
—90 | — 2 hrs. 3% hrs. 


The fertilized eggs of Ascaris withstand, according to 
ZAWADOWSEI (1926), the following temperatures and exposures: 


TABLE LX. 
Temperature | Exposure Remarks 
- +4 to +5° 5 months Normal development after subsequent 
warming 
— 5° "1 month Normal development after subsequent 
| warming 
—20° | 14 days 50% degenerated 


After two months of exposure to —24°, there is still a possibility 
of development on warming, yet the embryos finally die. A 
similar degree of injury is produced by an exposure to —1l0° 
for a year and three months. 

Similarly it is known that explants from homoiothermic 
organisms resist frost for a time which varies inversely with 
the temperature (BUCCIANTE 19296, 193la, 6, Stmonin 1931; 
see also CRACIUN 1931). The following data are abstracted from 
a paper of BucctaNnTE (1931 a) on explants from the chick embryo: 


9 
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TABLE LXI 
Survived at 
oe oo | —5° | —10° | —14° | —250 
(Tissue) 
days hours ; 
Epidermis ... . 32 40 37 33 3 
(Ohya ks ee 6 28 28 26 il 3 
HIGaTG ess, Ceres 10 18 16 im! a 
Muscles. 92 . es Mewes 28 26 16 — 
(Brailes cL ene e 10 18 15 oo a 
Leucocytes. . . . | 5 12 : ly Pie — 


Thus the rule is now sufficiently established that the expo- 
sure which is necessary to produce a given frost effect decreases 
with decreasing temperature. Yet this is not always necesarily 
so. DE JoNG (1923) found in trypanosomes which were subjected 
to temperatures ranging from —20° to —191° that in certain cases 
death by frost occurred in agreement with the general rule, but 
in the majority of species examined, the temperatures of —20° 
and —30° were more deleterious than that of —190°. For instance 
death occurred in Trypanosoma lewisi at —20° and —30° in 80 
and 60 minutes respectively, whereas at —190° two hours were 
necessary for killing. In 7’. equiperdum an exposure of 314 hours 
was sufficient to produce death at —20°, while at —191° viru- 
lence was conserved for more than 20 days. Similarly 7’. vene- 
zuelense and 7’. brucei were quickly injured at —20°, but for 
a long time resisted a temperature of —190°. DE JONG quotes 
these experiments, which were performed by his collaborator 
ZANDBERGEN, without any explanation. PtTrerR (1927), who 
analyzed them, believed that death was due to an accumulation 
of toxic metabolic products, which formed more quickly 
at higher temperatures. Yet it seems more natural to ex- 
plain the phenomenon on a physical basis. TAMMANN (see 
H.S. Taytor 1931, p. 1035) established the fact that the rate of 
crystallisation in supercooled solutions depends on temperature 
in such a way that there is a maximum velocity at a definite 
temperature, above and below which the rate is less. The rate 
of crystallisation according to temperature thus gives a curve 
with an optimum. If it may be assumed that in the ex- 
periments of ZANDBERGEN death was caused by crystallisation 
of ice in supercooled protoplasm, the temperature of —20° 
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may be conceived as the optimum for the velocity of crystalli- 
sation. 

In this connection we may mention the part played by rapi- 
dity of cooling. Mortscx (1897) showed that on rapid cooling 
the effect of frost on plants is more injurious than when the 
tissue is cooled gradually, and that ice is formed only around 
the cells when the cooling is progressive, while ice may appear 
also in the interior of the cell when the cooling is sudden. Like- 
wise Procter (18936) saw that the eggs of the frog withstood 
—60° only when the cooling was slow, and Raum (1924) observed 
the same in water-beetles. AKERMAN (1927) and Pirrnr (1927) 
sum up our present knowledge in concluding that a slow cooling 
favours the state of supercooling, and vice versa. 

As was recently pointed out by StimxEs (1930a), the size 
of ice crystals is smaller, the more rapid their formation is, and 
consequently the degree of injury by freezing should be greater 
when the freezing process is slower. A rapid cooling should there- 
fore be less injurious than a progressive one. This conclusion 
of Stites, though contrary to what has been hitherto known 
for living systems, seems to be in agreement with certain 
facts which concern the freezing of chlorophyll and of muscular 
‘tissue, but the author himself admits that even in gelatin sols 
the process is not so simple. He quotes, in support of his idea, 
the results of Kt Nz (1864) and of Motiscu (1897) on the freez- 
ing of staminal hairs of Tradescantia and he points out that 
Kénue, who cooled his objects quickly, saw a recovery on thawing, 
while Moutscu, who changed the temperature only slowly, found 
the cells dead. It is however highly questionable whether such 
a comparison is justified, considering that Kime and Motiscr 
worked with two different species of Tradescantia and under 
different experimental conditions. 

When a system in a supercooled state has once reached the 
temperature of its environment, the length of exposure may still 
have an effect, because the probability that disturbances will 
take place increases with time. 

As yet nobody has seriously attempted to describe by a 
formula the relationship between time and temperature below 
zero, or the relationship of velocity of damage to such tempera- 
tures. The data available at present are indeed too few to allow 
of a mathematical treatment. (See MztssNER 1913, Raum 1924). 


O* 
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7. Internal factors in the effects of frost 

The great variability of living systems in their resistance 
to frost justifies the question whether the effects of temperatures 
below 0° depend on some causes within the organisms themselves. 

First of all, various organisms or tissues may differ in their 
ability to become supercooled, and their resistance to frost may 
thus be unlike because of unlike factors which favour super- 
cooling, and which have been enumerated above (VIII.2). Second- 
ly, the organisms may differ in their chemical properties. These 
have been the subject of much study chiefly, in connection with 
the frost resistance of plants. It would be out of place to discuss 
here in full the extensive work hitherto published, especially 
in view of the fact that there is little unanimity among the in- 
vestigators. May it suffice to say here that all the main chemical 
constituents of protoplasm, 7. e. sugars, fatty substances, proteins 
and salts are each considered by various workers as the sole 
cause of frost-resistance and of adaptation to frost. 

The idea that the presence of sugars in the cells of plants 
increases their resistance to frost was introduced by LipFoRss 
(1907), who based his belief on the well known fact that the 
amount of sugar increases considerably in many plants when 
winter approaches, the reserves of starch being split into sugar. 
We have already had occasion to discuss these and similar changes 
above (V.7). Liprorss thought that sugars protect the proteins 
from being coagulated by freezing. He also found that a solution 
of protein was less easily denatured by frost after sugar had been 
added, than without it. Maxrmov (1908, 1912, 1914, 1929), 
SCHAFENIT (1911), ScHarrNnit and WILHELM (1933), [TRAKLINOW 
(1912) and others added to the evidence on the protective action 
of sugars, but Maxrmoy found at the same time that other simple 
substances, e.g. glycerine, alcohols and certain salts, exert a 
similar action. Likewise PANTANELLI (1920) stated that certain 
salts modify resistance to freezing in roots. Detailed reviews 
of this problem are those of AKERMAN (1927) and of Maximov 
(1929; compare also Nizsson-Letssner 1929). It is not yet 
clear which property is the protective agent in the case of the 
substances in question. AKERMAN is inclined to believe that 
the mechanism is physical, the power of the cell to retain water 
in a liquid state being dependent on the amount of osmotically 
active substances dissolved. In reality it has long been supposed 
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by many botanists that the resistance of plants to freezing is 
more or less closely associated with the osmotic concentration 
of the cellular contents (see VIII. 1: Rery 1908, H. W. Fiscuer 
1911, GortNER and Harris 1914). Pirrer (1927) thinks that 
the osmotic concentration is the chief cause of frost resistance 
in general, but that its effect is often hidden because of the phe- 
nomena of supercooling. 

ZACHAROWA (1925) found that the resistance of plant tissue 
_ to freezing is connected with a higher pH value. She thinks 
that acidity makes the proteins less stable and thus easily coagu- 
lable by freezing. 

The protective action of fats was assumed by Muxz (1905). 
There is in fact a notable accumulation of fat in many plants 
at the approach of cold weather (IRAKLINOW 1912). 


ScHAFENIT (1911) thought that proteins together with sugars 
play an essential part in determining frost-hardiness. According 
to him, protoplasm produces simpler and more stable proteins, 
the lower the temperature. This however is still an open 
question, though actually it is known that the properties of 
proteins vary with the temperature at which they have been 
formed (see V. 7). ; 

The following biological factors bear upon the response of 
organisms to temperatures below zero: 


- (a) Adaptation. 

When plants or their parts are grown or kept at lower tem- 
peratures, they usually withstand frost better than when culti- 
vated or stored at higher temperatures. GOPPERT (1830), MULLER- 
THUuRGAU (1882), APELT (1907), Retry (1908), ScHarrnir (1911) 
and others produced sufficient evidence as to the ability of plant 
tissues to adapt themselves to cold. Yet the limits of their adap- 
tation to frost are rather narrow, so that when the temperatures 
of cultivation or of storage differ by a matter of twenty degrees, 
the resulting difference in the temperature at which the plants 
die is only one or two degrees, as was shown by APELT (1907) 
and by Rery (1908) for several plants. APELT examined the 
development of hardiness in potato tubers, and arrived at the 


following figures: 
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TABLE LXII 


| Frost death-point 
Exposure to cold | lactone 
4 days 0.07° 
15 days | 0.34° 
28 days 0.68° 


From the analogous data of Retry (1908) it may be concluded 
that the process is slow in the first two days, then more rapid 
in the ten following days and slow again towards the end. 

The majority of investigators are inclined to explain the 
frost adaptation of plant tissues on the basis of sugar accumu- 
lation, while Scuarrnit (1911) thought that the chief protective 
agents are sugars together with proteins.. In the light of the 
more recent investigations of Rosa, R. New ron and others, whose 
work has been discussed above (p. 120), it seems very likely 
that the hydrophilic colloids in the cells or in the cell-walls are 
the most efficient agents in this respect. 


(b) Age. 

Organisms and organs of different age often show unlike 
resistance to freezing. The chief data now at hand are summarised 
in the table LXIIT (p. 135). It is evident that age does not modify 
resistance to frost in a uniform way. The conclusions of some 
investigators that the resistance to freezing increases (J. Lous 
1906) or decreases (H. W. Fischer 1911) universally with ad- 
vancing age, therefore are not sufficiently founded. Neither is 
it always known which biochemical or colloidal factors are respon- 
sible for such age differences. H.W. FiscHer (1911) suggested 
that in young tissues water is retained by a greater force and that 
their cells thus are more resistant. HooKksr (1920) supposes 
that a high pentosan content is the cause of greater resistance 
in adult plant tissues, as compared with the younger parts. 
BarrTetTzkKo (1910) pointed out that the older filaments of certain 
moulds are more resistant in spite of their larger diameter and 
lower osmotic concentration. 
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TABLE LXIII 


(Differences in frost resistance according to age) 


135 


More 
Organism Stages examined | sensitive Authority 
| stage 
Yeast cells. . = old ScHUMACHER 1874 
Enteromorpha intes- | 
MUMS oe, es _ cells of various age old DeEunNeE (cf. H. W. 
| Fiscuer 1911) 
Moulds: 3)" ..-2 hyphs of variousage| young | BarrerzKo 1910 
Bacteriophage | — old D’HERELLE 1926 
Laminaria... . | _— young | Kyut 1917 
seedime, | chet gsr | storage of varied old EsTREICHER-KIERS- 
| length Nowska 1915 
Hairs of Trianaea cells of different age | young | Kiem 1895 
Various plants . . leaves old Goprert (cf. H. W. 
FiscHer 1911) 
Various plants . . | leaves in buds and old Nou 1885 
| developed leaves 
Alium cepa. . . bulb scales old Ren 1908 
Shoots of potato . | apex and base young | APELT 1907 
Shoots ofapple tree | apex and base young | Hooxer 1920 
Sequoia and other © 
iPeOSTN a's different parts young | Huser 1929 
Wheat plants of various | seedlings | J. F. Martin 1932 
| degrees of develop- 
ment 
Dendroctomus brevi- | 
corms . eggs, larvae, old J.M. Mitier 1931 
pupae 
Anthonomus grandis | eggs, larvae, young | Prerce 1916 
| pupae 
| embryos, adults old RoEDEL 1886 


Pulmonate molluscs | 


phyllic cells. 


(c) Different tissues and cells. 

HaABERLANDT (1879) knew that there are certain differences 
in frost resistance in chloroplasts of various cells, those of the 
guard cells being more resistant than chloroplasts of the meso- 


According to Moxiscu (1897), the stomatal cells 


themselves are less sensitive than other cells of the same plant. 
According to ZacHarow4A (1925), the root-hairs and the cortex 
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are more sensitive than the meristematic tissue. Roots seem to 
be less resistant than the upper parts of the plant (TumaNnow 
and Boroprn 1930), and even the top and the base of the root 
may show an unlike degree of hardiness (DEXTER, TOTTINGHAM 
and GRABER 1932). 


Similarly the tissues of animals are not all equally sensitive 
to frost. FRrAsmR Harris (1910) showed that the nervous tissue 
and the heart of the frog are more easily killed by freezing than 
certain muscles. WEIGMANN (1929, 1930) who summarized the 
earlier work, concludes that the peripheral nerves of the frog 
are very resistant, but he found that the central nervous tissue 
is rapidly destroyed by freezing, as was also suggested by 
CAMERON and BROWNLEE (1914). Srvonry (1931) states that 
the explanted nervous tissue is the least resistant of all tissues 
of various mammalian embryos, and believes that the high degree 
of differentiation is the cause. Analogous differences between 
explants of various tissues have been established by BuccIANTE 
(1929—1931), as pointed out above (VIIT. 6, p. 130). According to 
his results, the nervous cells (mesencephalon) are among the most 
sensitive. 


(d) Living and dead tissue. 

We have seen above (p. 120) that the ability of certain plant 
tissues to become supercooled disappears after death (F. J. Lewis 
1920). Besides that, it is known that there is a difference between 
the live and dead muscle in the progression of changes which 
take place during freezing (H.W. Fischer 1911). Yet Kopis 
(1898) succeeded in supercooling dead tissue of homoiotherms. 


CHAPTER IX 


CHILLING, CHILL-COMA AND DEATH 
BY CHILLING 


1. General and historical remarks 


As early as 1778 it was known to BrerKaNDER (quoted by 
SacuHs 18606) that certain plants are unable to withstand for 
long an exposure to temperatures lying just above zero. SAcHs 
(18606) saw that the temperature of +5° was injurious to tobacco 
and other plants of similar ecological relationship and he thought 
that a disproportion between the intake and output of water was 
the cause of injury. 

Analogous effects of temperatures above the freezing point 
of water were also known to animal physiologists. RossBpacH 
(1872) described an arrest of ciliary movement in protozoans 
kept for a short time slightly above 0°. Horwatu (1876), 
basing his studies on the commonly known fact that mammals 
die when their body temperature falls below a certain point, 
examined particularly the effect of cold on the motor nerves and 
was first to describe what is now called “anaesthesia by cold”. 
ENGELMANN (1877), SEMPER (1880), DAavENPOoRT (1897—1899) 
collected most of the earlier data on this subject. 

Yet the problem has been approached from still another 
angle. Guided by practical interests, some botanists determined 
what they called the “‘specific zero” of vegetation, 7. e. the tem- 
perature below which a given plant cannot grow, thus giving 
rise to the first attempts at a mathematical treatment of the 
velocity of vital processes as influenced by temperature. We 
have already quoted above (II. 2) the names of P. DE CANDOLLE, 
BovuSSINGAULT and BuRCKHARDT in this connection. It soon 
became clear that the ‘‘specific thermal zero” or “threshold of 
temperature” does not always coincide with 0°C, but that it is 
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often situated above it. The term “chill coma” was first 

used, it seems, by SEMPER (1880). Rosspacw (1872—1874) and 

DAVENPORT (1897—1899) denoted the same oe dew Sa state 
s “temporary rigor by cold”. 

It is obvious that the mechanism which produces this state 
is widely different from that of freezing, i. ¢., formation of ice 
crystals in the cell or in its close vicinity. This, too, wasrecognized _ 
already by the first students of chilling phenomena, especially 
by botanists GOpprERT (1830) and Sacus (18605). 

Yet there seems to be a close resemblance, if not identity, 
between the action of temperatures above 0°, which chilling 
occurs, and that of temperatures below 0°, when vital action 
ceases, temporarily or permanently, without formation of ice. 
Such cases have been dealt with in the preceding chapter (VIII. 4). 
The most typical is that described by BarrerzKo (1910), who 
fourid that moulds, kept in a supercooled state, still die, even 
without freezing. Moniscu (1897), Merz (1905) and BarretTzKo 
(1910) consider such instances as being analogous to chilling 
at temperatures situated above 0°. The only difference to be 
pointed out is that injury or death takes place more quickly 
when the organism is chilled at temperatures below 0° than at 
those lying above it (AkERMAN 1927). 

To avoid any confusion, we shall use the term “biological 
zero” to denote the temperature at which a given protoplasmic 
action is arrested. by cold without formation of ice. It is clear 
that in cases where the biological zero lies much below 0°, it 
would be possible to determine it only when the organism could 
be supercooled for a sufficient time and to a sufficient degree. 
We shall reserve the term “‘temperature minimum” to denote | 
the temperature at which an organism still can, or just cannot, 
live on in an active state. In the present monograph, this ecolo- 
gical minimum will not be dealt with, though it obviously may 
often depend on the biological zero of one or another protoplasmi¢ 
activity. Thus defined, the biological experimental zero is 
identical with the mathematical zero, as discussed in Chapter II 
(see Tigre lia Ligon 


2. Biological zero of various vital activities 


It may be useful to give here a table relating to various 
biological phenomena and to different species. It is, however, 
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to be noted that the biological zero varies sometimes according 
to internal. and external factors, which are to be discussed 
separately (IX. 6, IX. 7), so that the numbers tabulated 
here do not have absolute value. Where possible, the factors 
which might bear upon the numerical value of the data are 
mentioned in the table. 


TABLE LXIV 


Biological zero (i. e. temperature at which vital processes are arrested by 
cold) of various activities 


Species | sinlogical Remark Authority 
| ZeTO 
| 


A. Protoplasmic movement 


Nitella syncarpa . . 0° NaA&rGELI 1860 
Chara foetida ... 0° | VELTEN 1876 
Vallisneria spiralis . 0° VELTEN. 1876 
Helodea canadensis . 0° VELTEN 1876 
Cucurbita pepo, hairs 11—12° only traces Sacus 1864a 
of movement 
r Caulerpa prolifera. 6° Dostit 1929 
Phaseolus, leaves. 6° | Curtis 1929 
Marine amoebae . . —3.1° Pantin 1924 
Leucocytes of frog . 2—5° UEKI 1928 
Leucocytes of horse 15° Dre Haan 1922 
Leucocytes of rabbit 10—11° | Ono 1928 
Leucocytes of rabbit  —-10° SuGiyama and 
| Mort 1927 
Leucocytes of man. 12° forms pseudo- ; Comanpon 1919 
: | podia without 
| moving 
Leucocytes of man. | 10—11° UEK1 1928 
B. Ciliary movement 
Ulothriazonata, spores | 0° | STRASBURGER 1878 
Haematococcus lacu-. 
stris, spores ai <0° can move in | STRASBURGER 1875 
| thawing ice 
Botrydium granu- i ; 
latum, spores. . | 6° | SrRASBURGER 1878 
Euglena viridis. . . | 5—6? collected SenHwarz 1884 
| in summer 
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ee 
Species Biolog Remark Authority 
| zeTo 
Buglena viridis . . <= (o collected ADERSHOLD 1888 
in winter 

Stentor coeruleus . 2° GREELEY 19024 
Monas sp. : 4° GREELEY 1902) 
Ciliates (various) . 2—39 RossBacu 1872 
Ciliates (various). . _ 40 ScHURMAYER 1890 
Mytilus edulis, | 

epithelium | =a” | at 0° still beat Gray 1923 
Ox trachea, epithe- 

lium 15° Umepa 1929 


Didymium nigripes . 

Staphylococcus pyo- 
genes . 

Ulothrix zonata, 
sporulation . 

Saccharomyces Sake . 


C. Cellular multiplication 


Bacillus thermoamylo- | 


lyticus duke 
Bacillus tuberculosis . 
Thermophilic bacteria 
Thermophilic bacteria 
Herpetomonas dono- 
vani 


Eggs of Echinoderms 
Paracentrotus lividus, 
CL OS ae eece ees 
Paracentrotus lividus, 
eggs ey: 
Cyprinus carpio (ma- 
turation of repro- 
ductive elements) . 
Myoblasts of chick 
embryo . 
Myoblasts of chick 
SUM NRYO) a om oc 
Fibroblasts of chick 
embryo . 


240 


30—35° 
30° 

20—35° 

37—40° 


winter 


summer 


SKUPIENSKI 1930 


G. SmitH 1920 


OLTMANNS 1923. 
NISHIWAKI 1929: 


| CootHaas 1928 
Jost 1913 

| Miscuustin 1927 
MULLER 1928 


CHRISTOPHERS and. 
authors 1926 
O. Hertwia 1890 


Horsrapius 1925 


Horstaptus 1925 


Hesse 1924 


Bucciante 1926 


Nemoto 1929 


BucctanteE 19274, ¢ 


——- 
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Species tpolbelcal Remark Authority 
zero 
D. Development and growth 
Ceratium hirundinella | 5° excystation HusBer and Nip- 
Kow 1923 
Fungi: 
Botrytis cinerea. . . | 0° W. Brown 1922 
Sphaeropis malorum. | 3—5° W. Brown 1922 
Fusarium (various | 
Species\—. 2 «>. 3—5° growth of Togasut 1931 
mycelium 
Fusarium (various 
species). ....{ 5—10° development | ToGasut 1931 
| of spores 
Endothia parasitica . | ify STEVENS 19174, b 
Acremoniella thermo- 
Divine Ce ee oh eve 27—30° Curzi 1930 
| 
Higher plants: | 
Hordeum vulgare. . | 5° roots Sacus 18604 
Triticum sativum. . 5° roots Sacus 18604 
Phaseolus multiflorus | 93° roots Sacus 18604 
JGR MAUS Ca Sa er | 9.3° roots Sacus 1860a 
Cucurbita pepo... | 13.59 roots Sacus 1860a 
Solanum tuberosum . | Gu shoots Hocetor 1930 
Scirpus kisoor . . . | 22° tropical Bose 1918 
Worms: | 
Ascaris megalocephala | thes ZAWADOWSKI 1926 
Oxyuris . cP 9208 ZAWADOWSKI and 
| Scuatinow 1929 
Ancylostomum cani- 
Wee es. > | 12—15° McCoy 1930 . 
Vasciola hepatica . . | 120 Marres 1926 
Insects: 
Calandra granaria . 9.5° BODENHEIMER 1927 
Calandra oryzae... . 131° BoDENHEIMER 1927 
Bombyx mori >9° De CANDOLLE 1865 
Toxoptera graminea. |  — 4.5° Cuapman 1928 
Ephestia kithniella 3—5? Has 1927 
Deilephila euphorbiae | Me HELLER 1928 
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zero 


ae se Shee SE a 


Bucewlatrix canaden- | . 
| 10—12° Frienp 1927 


stella | 

Popillia japonica . . | 10° D. Lupwiae 1928a, 
i 1980 
Sphodromantis bio- 

CS ee ee 15° Przipram 1916 
Lucilia sericata, . . | =8—10° Cousin 1929 
Lucilia sericata . . | 10° Warpie 1930 

| 

Crustacea: | 
Daphnia pulex. . . | 10° Tavson 19380 
Motna macrocopa. . | 3.2° Terao and TANAKA 

1928 

Molluses: I 
Limnaea stagnalis. | 12° | Semper 1880 

Fishes: | 
Gasterosteus aculeatus | 6° LEINER 1932 
Pleuronectes platessa. | = —2.4° Haemret 1913 
Pleuronectes flessus . | —1.8° | Hagmrer 1913 
Gadus morrhua . . || 8.69 | HaArMPEL 1913 

Amphibians: | 
Bujo lentiginosus . . | 6° Linu and KNowt- 

| TON 1898 
Rana virescens... | 3° Live and KNowL- 
TON L898 
Rana fusca... . | 5° Karstner 1895 
Rana fusca... . | oe O. Herrwia 1898 

Birds: | 
Chick embryo . . . | 289 Daresre 1891 
Chick embryo . . . 21° KArsTNER 1895 
Chick embryo . . . 20—21° Epwarps 1902 

EK. Metabolie processes 
Phaseolus multijlorus | 1—6° transport of Curtis 1929 
| carbohydrates 
Tropical plants... | 4— 8° production Ewarr 1896 
of Og 
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4 


Biological 


Species Remark Authority 
zero 
Lupinus 20 ( toate 4 sue | a 
eee i production of §} Piirrer 1927 
gare . 2 | CO, | 

Phaseolus multiflorus | S—10° formation of Sacus 1864) 
chlorophyll 

Zea mais 13—14° formation of Sacus 1864) 
chlorophyll 

Triticum ferrugineum 2° formation of | LsusBimeNKo and 
chlorophyll HuBBENET 1930 

Selaginella martensii . 10° formation of | Scuwarz 1930 
chlorophyll 

Phaseolus . 8° restoration of | Maicr 19234 


Urobacillus psychro- 
philus 

Urosarcina psychro- 
phila . : 

Solanum tuberosum . 


‘ | 
Gammarus chevreurt. | 


. {| 
Cassiopea xamachana 


Dog diaphragm 
Homoiotherms, 
smooth muscles 


Rana sp. 
Rana sp. 


Limulus polyphemus . | 


Lacerta agilis, 
embryos. 
Cat . 


Cat. . 
Rabbit 
Mammalian heart 
Mammalian heart 


nucleus after 
starvation 


still decompose 


>—2.5° 
urea 
3° | permeation of Br 
10° pigment format- 


ion in the eye 


F. Muscular movement 


9.5—10.6° 
0° to 7° contracture 
15—20° 


} 

G. Heart beat 

0°to — 4° 
99 


0° to —1° 


_90 


16.5° 


16.0° 
14—15° 
10—12° 


aie 


RUBENTSCHIK 1925 


F.C.STEWARD 1932 
Forp and HuxLEY 
1927 


E. N. Harvey 1911 
Borrazzi 1920 


Borrazzi 1925 


Cyon 1866 
Goupsmirnu 1929 
Carson 1906 


ANDERSEN 19294 
Martin (cit. Ep- 
warps 1902) 

Britton 1922 
HeruitzKa 1905 
SnypDeER 19134 
Tarr 1922 
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Species Biological Remark Authority 
Zero 5 
Explants from human 
embryonic heart 16—18° Horer 1931 
Explants from chick | 
embryonic heart . | 12° BuccrantE 1927) 
H. Excitability and nervous functions 
Mimosa pudica. | 14° | WALLAce 1931 
Prothesia, larvae . 13° phototropic J. Loss 1890 
response 
Cassiopea xamachana | 8.8—9.5° ‘nervous conduc-| E. N. Harvey 1911 
| tion 
Cassiopea xamachana | 14° pulsations EK. N. Harvey 1911 
Rana sp. | —7° nervous conduc- | Boycorr 1902 
; | tion 
Rana sp. —2° to —10°| nervous conduc-} GARTEN and SULZE 
| tion 1913 
Rana sp. 5—15° nervous conduc- | HowELLand authors 
tion 1894 
Rana hexadactyla . 4.1° activity of GARTEN and SULZE 
| medullar centers 1913 
Rana hexadactyla . . (eS == 1e action currents | GARTEN and SULZE 
! of nerves 1913 
Rana hexadactyla . | 0.25—1.0° | action currents | GARTEN and SuLzE 
I of nerves 1913 
Alligator mississi- | 
piensis | 3.5—8.5° | nervous conduc- | WeigmMann 1929 
| tion 
Cat . ae nervous conduc- |. Boycorr 1902 
tion 
Cat . ihe spinal ganglion | Arrom 1927 
Cat . 15° sympathetic Artom 1927 
ganglion 
Cat . 4—7° nervous conduc- | Artom 1927 
tion, sympathetic 
Cat . 16—34° cerebral and Brirron 1922 
spinal functions 
Cat . 16—30° cerebral and Simpson and Her- 
spinal functions RING 1905 
Rabbit | 3.8—7.4° | nervous conduec- | AtcocKk 1903 


tion 


Paes eee ee 


~ 
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. Biological 
Species a i Remark Authority 
BD Ditie eet od ok ih nervous conduc- | Eve 1900 
| tion 
VID DUts We 2 5. 3 | 689 excitability of ; GRANBERG and 
| motor fibres HOLiaNnpErR 1927 
‘Rabbit ...... {| 19—34° cerebral and WINTERNITZ 1905 
| spinal functions 
Rabbit . . . . . . || 19—26.5° | superior cervical] Eve 1900 
| ganglion 
DS ae | ee nervous conduc- | GriitzNer 1878 
tion, sciatic 
DOR MEE oes. os 2—6° nervous conduc- | GRUTZNER 1878 
tion, vagus 
IDOCREE Es Aik oss 5—8° nervous conduc- | WOLLMAN and 
/ tion, sciatic LECRENIER 1907 
Hedgehog . . . . . |\—1.4 to +6.4| nervous conduc- | AtcocKk 1903 
: I tion, during 
| hibernation 
PAC COMM es Bie mass | 6.9—8.2° | nervous conduc- | AtcocKk 1903 
tion 


3. Death by chilling 


When an organism is chilled for a short time, the arrest 
of its vital activities is usually reversible on subsequent warming. 
When the exposure is long enough, the changes produced by 
chilling are however irreversible, and death thus takes place. 
This was clear even to those authors who were the first to study 
the phenomena of chilling in plants and in animals (see IX. 1). 
It is known that in mammals death occurs when the body tempe- 
rature falls below 14°—22°, according to the species and other 
circumstances. For details regarding mammals, the reader is 
referred to the following literature: HorwarTu (1876), SEMPER 
(1880), Boucuut (1883), Smumpson (1902), Smpson and HERRING 
(1905), WrnTernitz (1905), Lerzvre (1911), Ptrrer (1911), 
Laurent (1921), Brrrron (1922), Srxirzin (1923), YAMaGucuHI 
(1927), TraeRsTEDT (1910—14). 

Death may likewise occur on chilling in poikilotherms, which 
are adapted to higher average temperatures. Certain reptiles 
are very easily killed by cold at relatively high temperatures, 
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as was recently confirmed by WEIGMANN (1929). This obviously 
applies to any thermophilic organisms, such as are met with in 
many animal and plant groups. 

Certain ciliates die at about +3°, as found by RossBpacH 
(1872), fertilized eggs of Artacia may be killed at +4°, when the 
exposure is sufficiently long, as recently confirmed by PAYNE 
(1930). Embryos of Culex often die when cooled to +5° (DE Bots- 
SEZON 1930), embryos of the worm Spirorchis are killed at 0° to 
- +2° within 5 hours (ONoRATO and STuNKARD 1931), certain 
cladocerans do not recover after a chilling to 3° or even to 10° 
(TeRAo and Tanaka 1928; L.A. Brown 1929a). Woop and 
Banta (1926) have succeeded in obtaining a thermophilic mutant 
of Daphnia, which died of cold at temperatures lower than 20°, 
while ordinary species are active even at 1° (L. A. Brown 1929a). 
Other similar references may be found, e.g., in MAUREL and 
LAGRIFFE (1899), PUTTER (1911, 1927), WEIGMANN (1929). 

The majority of workers agree in ascribing death by chilling 
in homoiotherms and in higher animals to an irreversible injury 
of the central nervous system, whose protoplasm thus would 
be the most sensitive. We shall see below (IX. 6c) that the proto- 
plasm of various regions of one and the same body or tissue often 
differ in their sensitiveness to chilling. 

Death by chilling in plants has been studied by BIERKANDER 
(1778), Sacus (18606), Ewart (1896), Mo iscu (1897), PFEFFER 
(1904) and other botanists. In general, exposures of several hours, 
days, or even weeks are necessary to produce death in plants. 


4. Cellular changes accompanying chilling 


For the understanding of what is the probable cause of 
chilling it is important to know what happens in the cell when 
it is chilled. 

The most striking effect of chilling obviously is an arrest 
of the vital functions. Further an increase in viscosity has been 
demonstrated by several investigators to take place at tempe- 
ratures which produce chilling. This point has been analysed in 
detail above (VIT. 1). It is very probable that some other changes, 
which have been described as concomitants of chilling, are directly 
due to changes in the protoplasmic viscosity, e.g., a broad and 
low fertilization cone in the eggs of the sea-urchin (O. HERTWIG 
1898), or petaloid pseudopodia in the amoebocytes of a starfish 


. 
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(FAURE-FREMIET 1929). IsHtKAwa (1913) has studied the rounding 
up of an Amoeba on application of a lower temperature (slightly 
over 0°), a phenomenon which was first described by EncEL- 
MANN and which occurs, under similar conditions, in other types 
of cells as well: in Stentor at +2° and in Spirogyra at 1°—2° 
(GREELEY 1902a), in Monas at +4° (GREELEY 19026), in epi- 
dermal cells of higher plants at 0° to +2° (Akerman 1915), in 
the ciliated spores of the phycomycete Plasmopara viticola at 0° 
(ARENS 19296), in the fibroblasts of the chick embryo at 
room temperature (TANNENBERG 1930). All these changes are 
reversible when temperature is raised. 

Under the action of cold, the cellular content is sometimes 
displaced in an atypical way. Dost (1929) noticed a clustering 
of chloroplasts in Caulerpa prolifera on transfer to 1°—2° for 
30—90 minutes. PayNe (1930) states that in the eggs of 
certain marine animals (Cumingia, Arbacia) a stratification of 
their contents occurs at lower temperatures (0°—12°), a pheno- 
menon similar to that taking place normally on centrifuging. 

As regards the cytoplasmic ground substance, a reversible 
vacuolisation has been observed as a consequence of chilling by 
NAGELI (1860), KtHNE (1869), Kiem (1895), in plant cells and 
by GREELEY (1902a) in Stentor. In this respect there seems to 
be little difference between chilling and effects of frost without 
crystallization of ice. Besides, several observers saw that granules 
appeared in the cytoplasm when chilled. Fawcerrt (1921) observed 
such fine granules in the hyphae of certain parasitic fungi when 
cultivated at 7.5°, while at an ordinary temperature the proto- 
plasm was limpid. It is not certain whether such structures 
are due to coagulative changes of protoplasmic colloids, or rather 
to a precipitation of substances which are insoluble at low tem- 


- perature or which perhaps accumulate because of a decreased 


permeability. Yet PAanraNeLri (1919) saw an increased permea- 
bility in chilled vegetable tissue. DE MouLtn (1924) has observed 
that certain types of white blood cells and of glandular-cells of 
warm-blooded animals, whose cytoplasm is normally limpid, 
formed granules when cooled to room temperature. Similar 
granulation however takes place in these and in other cells on 
application of various agents other than cold. O. HARTMANN 
(1919c) has described a coarse granulation of the nucleus in the 
leaves of Helodea, cultivated in cold. M. M. Mack (1933) observed 
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retraction of nuclei in tissues of chilled turtles. These investi- 
gators however worked with fixed preparations. 

KAESTNER (1895) saw that the young chick embryo was less 
transparent, when the egg had been cooled, than at a normal 
temperature. ; 

So far as our present knowledge goes, no specific change 
occurs in the cell on chilling. All the phenomena described 
hitherto as being due to the action of low temperatures above 
zero, may take place under the action of other factors as well. 
In fact there seems often to be little or no difference between 
the coarser changes which take place in plants on chilling and on 
freezing (PANTANELLI 1918, WaARTENBERG 1929). 

Many observers have noted that the mitotic process is altered 
at lower temperatures. O. HeRtTwic (1890) described a disappear- 
ance of the spindle in dividing eggs of sea urchin at 1°—4°. 
This has been recently confirmed by VINTEMBERGER (1930) in 
the avian embryo. Né&mec (1899) found that the formation of 
the equatorial plate in the dividing plant cells was hindered at 
4°__6°, while in the prophase and metaphase the process was but 
slightly affected. Hovasss (1923) observed that the telophase 
was greatly affected by cold. According to RUDLOFF and SCHMIDT 
(1932) the cell is the most sensitive in the anaphase. The mi- 
gration of chromosomes may easily be slowed or arrested under 
such conditions, and abnormal cells may thus be formed. As a 
matter of fact, it is known from the work of GmRrassrmow (1901) 
on Spirogyra that at low temperatures giant or polyploid cells 
are produced. Atypical mitoses in cold have since been de- 
scribed by SABLINE (1903), Bury (1913), P. MicHaEris (1926), 
SHIMOTOMAI (1927), BucctanTE (19276, 1928), SprEar (1928), 
KosHucHov (1928), Bunter (1930), ViENTEMBERGER (1930), 
RupLorr and Scumipt (1932), M.M. Mack (1933) and others. 
GOTTSCHEWSKI (1932) has recently obtained cold mutations in 
the fruit fly, Drosophila melanogaster. Neither can the effect 
of chilling on mitoses and mutation be described as specific. 
Similar anomalies have often been produced by narcotics 
(GERASSIMOW 1901, SaBLINE 1903) or by supraoptimal tempera- 
tures (SABLINE 1903, SHrmoTomar 1927; see further X. 67; X. 13). 

Inso far as chemical changes produced by low temperatures 
are concerned, they have been already discussed above (Chapter V; 
see further IX. 8). 
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5. Time-factor in the phenomena of chilling 


As in other temperature actions, in the phenomena of chil- 
ling too, the action of the time-factor must be considered along 
with that of temperature itself. We have discussed above (IV. 8) 
some cases in which a time-factor is apparent when the rate of 
biological processes is decreased by cold. In the present para- 
graph we shall therefore deal only with the analogous cases, in 
which this rate becomes equal to zero in consequence of chilling, 
or in which the chilling produces morphological changes. 


ASKENASY (1890) noted that the growth of roots in Zea 
mais at temperatures in the vicinity of 0° ceases more or less com- 
pletely only after one to five hours. According to KiEmm (1895), 
protoplasmic streaming is not arrested at once when the cells 
are cooled to —2°, but only gradually. Ewarr (1896) observed 
that the O, production of certain tropical plants, cooled to 5°, 
fell to zero in one hour, but on cooling to 1°, O, production ceased 
in a quarter or half an hour. Certain flagellates (JZonas), when 
kept at 4°, lose their motility in about one hour (GREELEY 19025). 
A frog muscle, kept at 0°, completely loses its excitability after 
8—14 days, as was demonstrated by Foster and Moyts (1921). 

The relation between the degree of cooling and the exposure 
necessary to bring to a stop the pulsations of explants from 
an embryonic chick heart, is shown by the following table 
(BucctianTE 19275): 


TABLE LXV 
eee 


Time 


Temperature 
eal | almost immediate 
| effect 
12—13° | 61, days 
18° | 10 days 
21° 12 days 
25—269 12—29 days 


BELEHRADEK (1928a) has described a reversible arrest of 


the heart beat in Daphnia pulex on cooling the animal to 4°. 
The rhythm gradually slowed for about two hours before coming 
to a complete stop, though the temperature must have 
reached equilibrium in less than 10 minutes. In another 
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Cladoceran, Moina macrocopa, L.A. Brown (1929a) has noted 
that a complete loss of motility occurred at 10° only after 
one hour. 

As may be concluded from these data, chill-coma does not 
develop unless a definite time elapses at a given temperature. 
Similarly death by chilling does not take place unless the organism 
has been chilled for a certain, usually a long, time (see above, 
IX. 3), which, too, depends on the temperature applied. Thus 
it was found by Back (1916) that the eggs and the larvae of the 
fruit fly Ceratitis capitata die when chilled at various temperatures 
for the following periods: 


TABLE LXVI 


Temperature | Lethal exposure 
o—1l° | 2 weeks 
]—_+4° | 3 weeks 
4—7° | 7 weeks 


Fig. 51, constructed from Rosryson’s (1926) data, is of 
special interest in this connection, because it permits a com- 
parison of temperatures above and 
below zero. 

Likewise the morphological 
changes, which are connected with 
chilling, obviously develop with a 
considerable time-factor. In GREE- 
LEYS experiments on protozoa 
(1902a, b, 19036) the changes de- 
scribed above (IX. 4) took place 
only after one to several hours. 
Likewise IsHrkAwA (1913) reported 
a that the change in shape due to 
-29° 10° 0° #109 ee 
< fs ; . Chilling of an Amoeba took place 
Fig. 51. Life duration (ordi- ; 
nate) of the rice weevil, Sito- slowly in about one hour. The 
philus oryza, at low tempera- pseudopodia first became shorter 
tures (abscissa) below and o ais 
ee MILER EIS Gor and brighter, then nodosities ap- 

peared on them, and finally no 
more pseudopodia were formed, the body assuming a spherical 
shape. Analogous experiments by ARENS (19296) on the spores 
of Plasmopara viticola showed that six hours are necessary for 
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the completion of these changes. Bapr (1930) has recently 
studied the effect of a low temperature upon the structure of a 
nerve, and has seen that the penetration of myelin in the interior 
of the nerve began after three hours of exposure and that it 
increased with longer exposure. 

It is obvious that in all the instances quoted the time-factor 
greatly exceeded the time necessary for the temperature equi- 
librium. 

The time-factor intervenes also in the process of recovery 
from chilling. But in this respect two cases must be distinguished. 
In the one case recovery takes place much more quickly than 
did the previous chilling, whereas in the other, the recovery, too, 
is slow. As for the first group of cases, MAUREL and LAGRIFFE 
(1899) have noted that in fishes the recovery from a chill-coma 
is rapid. According to IsHiKawa (1913), a chilled Amoeba re- 
covers very quickly, when transported to a higher temperature, 
yet in certain individuals the time required for a complete 
recovery may reach even one hour. STEVENS (1917a@) has observed 
that the mycelium of Endothia parasitica, which had been pre- 
viously cooled until its growth had ceased, started growth im- 
mediately on transfer to room-temperature. BELEHRADEK (1928@) 
has noted in the heart of Daphnia a very rapid return to normal 
activity even after the heart had ceased to beat and where chil- 
ling had taken place slowly. The arrest of the heart-beat occurred 
at 4° after 110 minutes, while a complete recovery was attained 
in 4—10 minutes. In another Cladoceran, Moina macrocopa, 
-L. A. Brown (1929a) observed chill-coma in about 4 minutes, 
whereas the recovery took place in 3 seconds. Yet in another 
species, Pseudosida bidentata, the same author saw that the 
recovery was almost as slow as the development of chill-coma. 
A slow return to normal activity has been similarly observed by 
Nimec (1899) in the growth of roots in Vicia faba, by JOSEPH 
and ProwazeExk (1902) in the frequency of the pulsating vacuole 
of Paramaecium caudatum, by BucctantE (19276) in pulsations 
of the embryonic heart cells of the chick. Figure 52 is reconstructed 
from one of the experiments of JosEPH and PROWAZEK. 

It is important to note that the rapidity with which recovery 
takes place often depends on the intensity of the previous chill- 
coma. The lower the temperature, or the longer the coma lasted, 
the slower the recovery. Thus ASKENASY (1890) observed that the 
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growth of roots in Zea mais resumed its original velocity after 
a period whose length varied directly with the degree of chilling. 
Likewise Ewart (1896) noted that specimens of Helodea, which 


Fig. 52. Time factor in the 
return of the rhythm of pul- 
sating vacuole to the normal 
frequency after chilling. Ab- 
scissa: time elapsed since the 
transfer to 8—9°. Ordinate: 
duration of intervals _ be- 
tween two contractions. Con- 
structed from an observation 
of JosEPH and PROWAZEK. 


100 200 500 400 500 
seconds 


had been chilled for a longer time, required a longer period for 
recovery, than specimens in which the chilling had been of short 
duration: 


TABLE LXVII 


O, production Protoplasmic streaming 
Exposure to 0° 
P reappeared, on transfer to 20°, after 


6 hours | 10—15 minutes 5 minutes 
1 day | 3 hours 5 minutes 
2 days ! 3 hours 3 hours 
5 days | 5—24 hours 3 hours 


Similarly GOrTzE (1926) has observed that, for a complete 
recovery, chilled honey-bees must be heated to a temperature 
which increases with the duration of the previous coma. Like- 
wise in young specimens of Alligator mississipiensis the recovery 
requires 5—120 minutes according to the duration of the chill- 
coma, as reported by WEIGMANN (1929). 

Relatively little is known of the part played by the velocity 
of cooling. KarsTner (1895) thinks that the chick embryo can 
endure a slow chilling better than a rapid one. 

In spite of considerable data now available on the time- 
factor in the phenomena of chilling, present knowledge does not 
yet allow of an attempt at a mathematical analysis of the relation 
between the degree of cooling and the time of exposure necessary 
to produce a given change. 


ee 


ee 
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6. Internal factors in the effects of chilling 

(a) Age. 

The most important internal factor involved in the 
chilling is age. Yet there is no uniform rule expressing this rela- 
tionship. Prcrrr (18936) saw that older ant pupae were less 
resistant to cold than young ones, and that they died at 5° within 
a few hours. In plants, it has been found by Ewart (1896) and 
by SELLScHOP and SALMON (1928) that the older parts are more 
resistant, while NEMEc (1901) and Méstus (1907) have seen just 
the opposite. According to Morcan 
(1902), the embryos of Rana palustris 
at the stage of 1—2 blastomeres soon 
die in the ice box, while blastulae 
withstand the same degree of cold 
better. DaReEsTE (1891) thought that 
the chick embryo becomes more re- 
sistant to cold as the moment of 
hatching approaches, obviously in con- 
nection with the development of the, 
regulation of body temperature. But — i 
KAESTNER (1895) observed that very 
young chick embryos can resist a 
lowering of the temperature to 21° for —, | = 
a period which varied indirectly with sis a By apeay tts Fae 
the age of the embryo. Fig. 53, which ase SeMecraieale aie 
is drawn from KaEstNER’s data, clearly to 21° still supported by 
shows that the change is gradual.1) chick embryos decreases 

with advancing age. 

FavNe (1930) has recently reported (Constructed froin data of 
that in the egg of Arbacia cleavage KAESTNER. 

takes place down to 12°, but cannot 

proceed further, at this temperature, as soon as the gastrula 
stage is reached. At 4° the cleavage is arrested even at 
the blastula stage. Thus the older stages are more sensitive 
to cold. As to the development of insects, BLuNcK (1924) 
states that the biological zero increases with advancing age, 
whereas D. Lupwic (1928a) estimates that the cold hardiness 
of the Japanese beetle (Popillia japonica) is greatest in the full 


400 


exposure (hours) 


1) This conclusion has been quite recently confirmed by Kaurman 
(1934). 
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grown first instar larva. The same author (1930) is inclined to 
believe, in common with Boprne (1925), that there are special 
critical periods in the development of insects, during which a 
lowering of the temperature is more injurious. Similar periods 
of increased sensitiveness to cold have been assumed by STOCKARD 
(1921) in the developing embryo of Fundulus heteroclitus. According 


to BELEHRADEK (1928a), the heart of adult specimens of Daphnia 


pulex comes to a complete standstill at 4°, while that of younger 
specimens responds to the same conditions by a mere retardation’ 
of the rhythm. As to the mammals, it is now generally admitted 
that the young individuals can endure a much more considerable 
decrease in body temperature, than the adult organisms (HoR- 
wATH 1876, BunGE 1905, Srnirzin 1923). 


(b) Adaptation. 

Organisms which are adapted to higher temperatures are 
naturally chilled more easily than those which live at low tem- 
peratures. Some examples of this may be found in Table LXIV 
(p. 139). It appears that the biological zero may be similarly 
shifted by an adaptation during the individual existence of certain 
organisms. Thus BoDENHEIMER and KLEIN (1930) find that the 
locomotion of the ant Messor semirufus ceases at the following 
temperatures at different periods of the year (see also fig. 28, 
p. 43): 

TABLE LXVIII 


Month | Minimum shade- | Biological zero 
| temperature (Palestine)! of creeping 

I.—III. 9—10° 9.20 
Ue | 13° 350 
V.—VI. | 16—18° 11.1° 
VILl.—VIII. | 210 18.5° 
ID-€, | 19—20° 21.19 
X.—XII. | 11—17° 8.40 


According to Hérsraprus (1925), the development of the 
embryo of Paracentrotus lividus at the Naples Station is arrested 
by cold only at 8° in winter, but at 16°in summer. Similar modi- 
fications in the resistance to chilling by adaptation in plants have 
been studied by Warrenpere (1929). 
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Likewise during the hibernation of mammals the biological 
zero sinks considerably. The heart beat, which in normal active 
condition comes to a standstill at about 15°—17 . still continues 
when the hibernating animal is cooled to temperatures close to 0° 
(Tarr 1922). 

The true mechanism of these adaptive changes is not known. 
Tarr (1922) has suggested that the essential factor here is the 
solidification point of the protoplasmic lipoids. We have actually 
seen (V.3) that the solidification point of fats and phosphatids 
depends on the temperature at which they have been formed. 
This strongly supports the idea of Tarr, which, moreover, is in 
agreement with the views put forward by Rywoscu, HEIBRUNN 
and BELEHRADEK as to the réle played by protoplasmic fats and 
phosphatids in the response of living systems to higher tempe- 
ratures. Horsraprus (1925) assumes, in more general terms, 
that a change in the colloidal properties of the protoplasm takes 
place during the process of adaptation. These views will be dis- 
cussed in more detail below (X. 17). On the other hand, Pan- 
TANELLI (1919) suggested that plants rich in sugar are the most 
resistant to the injury produced by chilling. 


(c) Differences according to functions and regions of the organs. 

It has long been known that various functions of one and the 
same organism often have different biological zeros. SAcHs 
(18646) already had noticed that the production of chlorophyll 
in certain plants is arrested by cold at a different temperature 
from that which arrests germination. SEMPER (1880) has pointed 
out that in the pond snail (Limnaea stagnalis) growth ceases 
below 12°, while reproduction still continues. It is generally 
admitted that the growth of a plant is more easily checked by 
cold, than either respiration or photosynthesis are (compare 
Prerrer 1904). For the rest, the reader is referred to Table 
LXIV (p. 139). . 

It is perhaps a more interesting topic, though one not often 
discussed, that various parts of one and the same organ are 
sometimes arrested in their functioning at unlike temperatures. 
Thus according to UNGER (1912) the beat of the heart ventricle 
of a frog ceases at 10°, while that of the auricle only at 8°. The 
best studied example however is that of the nervous system. 
WInTERNITz (1905) was the first to note that when the body 
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temperature of a rabbit is artificially lowered, the highest nervous 


functions are put out of action first, while the spinal reflex action _ 


and with it the respiratory movements, disappear last of all. 
When a cat, whose temperature has been lowered to 16°, is warmed, 
the nervous functions reappear in the reverse order, as was de- 
monstrated by Stmpson and HERRING (1905). The same pheno- 
menon has been studied in much detail also by Brirron (1922) 
in the cat and by G. E. Jonson (1929) in the squirrel. Accor- 
ding to Artom (1927, 1928), the sympathetic ganglia of the cat 
are inactivated at 15°, while spinal ganglia only at temperatures 
below 7°.. As regards poikilothermic animals, it is of interest 
to note that according to WEIGMANN (1929) recovery in chilled 
alligators proceeds from the distal parts of the spinal cord to the 
brain. In many fishes living in moderate climates, the sense of 
position is checked by cold sooner than motility, as stated by 
Mavreu and LacriFrre (1899). Similarly Korke (1910) reports 
that in the electric cat-fish (Malapterurus electricus), the function 
of reflex centers is checked at 12°, while the breathing center ceases 
to function at about 10°. In a leech, Hemiclepsis marginata, 
HERTER (1928) found that the posterior half of the body is the first 
to lose its motility when the animal is cooled to 0°. G6rzE (1926) 
observed that in the honey-bee the wing movements ceased at 
15°, creeping ceased at 13°, the last isolated movements of the 
body at 8°—9°, the movements of antennae at 6°. Nobody has 
hitherto tried to study whether such differences in the chilling 
of various regions of the nervous system are associated with some 
differences in the cytological, chemical or colloidal properties 
which may exist between these different parts. Neither is it 
clear whether or not these differences are connected with the 
metabolic gradients discovered by CHILD. 

(d) Injury. 

As far as is possible to conclude from the scanty information 
now available, it seems that injured organs are inactivated at a 
higher temperature than those in the normal state. This has been 
demonstrated by CARLSON (1906) for the heart ganglion of Limulus 
and by Borrazzi (1920) for the diaphragm of the dog. 


7. Effects of chilling combined with external agents 


There is sufficient evidence that the phenomena of chilling 
are sometimes modified by the action of certain substances. 


_ 
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The temperature minimum of growth in certain thermophilic 
bacteria is considerably lower in the absence of oxygen, as stated 
by Raxsryowirrscn (1895). Josrne (1901) found that addition 
of ether causes a considerable delay in the cessation of proto- 
plasmic streaming in cooled cells of Vallisneria. His results 
(fig. 54) show that the 1%, ether solution is the most efficient 
dose. Likewise salts may exert a similar or a contrary effect. 
From the experiments of E. G. Marvin (1904) on the heart beat 
of the terrapin it appears that the biological zero increases with 
the amount of KCl in the perfusion 
liquid. SeLLscHop and SaLMon 
(1928), on the other hand, have & 
found that in plants the addition #0} 
of potassium increases the resis- 
tance to chilling, while sodium and 
calcium decrease it. SCHAFFNIT 
and WILHELM (1933) recently have 
confirmed the rédle of potassium 7 
in the chilling of plant tissues 
and have observed furthermore — j 


- 


7 Z 3 Yo 4 


a decreased resistance in excess ieee ; ; 
. Fig. 54. Action of ether of 
of nitrogen and phosphorus. Ac- — yaried’ concentration (abscissa) 


cording to Payne (1930), the upon the time (ordinate) which is 
leaving eg Bl Onmincia become » BOY to arrest protoplasmic 
eee oer oe. SUNY DeCOme streaming in Valhisneria on @ 


more resistant to chilling when — sudden transfer to —1°. Josie. 
the amount of CaCl, in the sea- 

water is slightly raised to a concentration which at normal tem- 
peratures produces cytolysis. Is is obvious that the problem, 
regarded in another way, is, how does temperature modify the 


‘toxic effects of the substances examined. A substance, which is 


inoffensive at higher temperatures, may become toxic on cooling 
and thus brings activity to a standstill. We have already 
analyzed this point above (V.9). I’. Weper (19326) and Moper 
(1932) have recently described an injurious effect of urea on 
plant cells cooled to 1°—3°. 

The relative amount of water contained in protoplasm, 
tod, seems to modify the position of the biological zero. The 
most extensive work in this respect is that of SHeLEoRD (1927) 
on the development of the codling moth. As is shown by fig. 59, 
constructed from Suevrorp’s data, the biological zero is at its 
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minimum within a humidity zone lying between 70°) and 93%. 
Outside this zone, the biological zero rises, whether humidity be 
increased or decreased. 

As to other external influences which may combine with 
chilling, PoyNTEeR and Moritz (1923) have observed that embryos 


Fig. 55. Threshold 
temperature (a) for 
the development of 
the codling moth as 
a function of atmo- 
spheric humidity. 
SHELFORD, 


WSO 


60 70 
% humidity 


of the pond snail (Limnaea stagnalis), previously irradiated by 
ultraviolet rays, died in two days at 7°, while at 24° they lived 
up to the fifth day. It may be that this is to be regarded as the 
combined effect of chilling and injury, already discussed above 


(IX. 6d). 


8. Hypothetical causes of chilling 


The earliest students of the phenomena described in this 
chapter thought that injury and death by cold without formation 
of ice is due to a disproportion between the velocities of several 
vital functions. Thus Sacus (18606) suggested that the loss of 
turgescence in plants might be caused by a cessation of water 
intake by roots at a temperature which still permits transpiration 
of leaves to take place. Mouiscr (1896) however found that death 
by chilling occurs in plants even when the transpiration is eli- 
minated by an atmosphere saturated with water vapour. DAvEn- 
port (1897—I1899) explained the temporary rigor by cold in 
animals as a combined effect of the stimulation by cold of certain 
vital activities, which cannot be satisfied because of lowered 
metabolism. 

The overwhelming majority of modern workers however are 
unanimous in explaining chill-coma and death by chilling as a 
consequence of accumulation of toxie products, which at normal 
temperatures are burnt or eliminated. Nor is this idea quite 
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new. As a matter of fact, Horwaru (1876) supposed that mam- 
mals die when their body temperature falls below a definite 
limit, because: a toxic substance is produced which paralyses 
certain important physiological functions. In the special case 
of mammals, no such substance has been actually found, but 
there is now much evidence at hand that the chemical composition 
of living matter and of its products is often changed when 
temperature varies. Numerous examples thereof have been 
summarised in Chapter V. Besides, certain modifications 
in the chemical composition of living systems have been 
revealed in connection with the special studies of the effects of 
chilling. MotiscH (1896, 1897), Prerrer (1904), J. Lorn (1906), 
Liprorss (1907), H. W. Fiscur (1911), Pirrer (1911), CzaprK 
(1913), HopEr (1926), R. NELson (1926), SeLLscHop and SALMoNn 
(1928), LouBIMENKO and HuBBENET (1930) and others merely 
admitted in more general terms that changes in the cellular 
metabolism, in the chemical composition of the protoplasm 
and of its products, in the solubility and in the adsorption of 
various substances, in the chemical equilibria inside the cell, in 
the relative velocity of catenary biochemical processes, etc., are 
responsible for the cessation of vital activities by cold and 


for death by chilling. PANTANELLI (1918, 1919) on the other 


hand undertook chemical analyses to demonstrate that in plants 
cold actually produces important biochemical changes. The 
main alterations described by this author are the accumulation 
of organic acids in the cell sap, formation of nitrogen by-products 
as a consequence of an increased decomposition of protoplasmic 
proteins, exosmosis of water and thus an increase in concentration 
of the cell-sap, and an increase in its permeability. More recent 
researches confirmed the loss of water and the increase in the 
crystalloid content as a consequence of chilling in plant tissues 
(Mupra 1932, ScHarrnit and WILHELM 1933). It seems there- 
fore that the changes produced by chilling in cells are complex 


-and that none of the alterations can be said to be the ultimate 


cause of the phenomena of chilling. This seems to apply in the 
first place to the change in the water content which was made 
responsible for these phenomena by GREELEY (19024, ¢), a pupil 
of J. Lops, obviously with little justification. 

On the other hand, Foster and Moye (1921), who examined 
the properties of a chilled frog muscle, did not detect any chemical 
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differences between the normal and chilled tissue, and they sug- 
gested, therefore, that the mechanism is rather more physical, 
involving a change in permeability or in the power to absorb 
ions. Tarr (1922) thought that the melting point of protoplasmic 
lipoids played an essential part in the determination of resistance 
to chilling. It may be that the differences in resistance to chilling 
according to age can be explained on a similar basis, as it is 
known that the iodine number of fats and thus their melting 
point actually varies with age (Eaves 1910, SsaDIKow and 
GOoLOWTSCHINSKAJA 1928). Likewise Payne (1930) attributes 
the injury by chilling to changes in the protoplasmic fatty 
substances. 

Of late much importance has been given to changes in 
protoplasmic viscosity, as being the possible cause of the pheno- 
mena of chilling. Such a possibility has been admitted by F. and 
G. WEBER (1916), but especially by HEILBRUNN (1924a), who 
had noticed a considerable increase in the viscosity of cytoplasm 
of the egg of Cumingia at low temperatures, and laid stress upon 
such ‘“‘coagulative”’ change as being the probable cause of chilling. 
Similarly Arrom (1928) suggests that the cessation of conduction 
in the nervous ganglia on cooling is due to some colloidal change 
in the synapses. BELEHRADEK (1928a, c, 193la—32b) has adopted 
the hypothesis that the cause of the cessation of certain vital 
phenomena due to cold is in general an increase of the proto- 
plasmic viscosity or of that of certain protoplasmic phases. 
Such an increase would considerably hinder free movements 
of reacting molecules with the result that the biochemical reac- . 
tions in the cell would be brought to a standstill. In support of 
his idea, he quotes the considerable time-factor which often ac- 
companies the development of chilling (see IX. 5). Further he 
states that there is in general a close parallelism between the 
biological zero of a given activity and the numerical value of 
the corresponding temperature coefficient. It is obvious that, if this 
hypothesis is true, the biological zero will be the higher, the 
more viscous the protoplasm is at a given temperature. On the 
- other hand, many facts can be cited in favor of the view that the 
temperature coefficients of biological processes are a function 
of the viscosity of the respective protoplasmic phases, as has been 
pointed out above (see IV. 9). The biological zero and the tem- 
perature coefficient are actually both modified by many factors, 
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internal and external, as we have already seen (Chapter IIT. — 
IV.9; IX.6; IX.7), but the data now available are not 
yet full enough to justify the notion of complete parallelism. 
Still such parallelism seems indisputable at least in some cases, 
i.e. the effect of adaptation to temperature and the part played 
by the water content of the living system. The biological 
zero obviously increases with the temperature to which a 
given organism is adapted, and as a rule the temperature 
coefficient of vital processes varies accordingly (see III. 15). 
Similarly both the biological zero and the temperature co- 
efficient increase when the amount of water in the protoplasm 
sinks, as is clear from the data of SHELFORD (1927) on the 
rate of development of the codling moth (compare figs. 15, p. 47, 
and 55, p. 283). It is important to note that when the atmospheric 
humidity exceeds a definite limit, there is again an increase of 
both the biological zero and the temperature coefficient. It is 
noteworthy that the supposed role of the protoplasmic fats and 
lipoids, mentioned above, agrees with the viscosity theory of chil- 
ling, because the viscosity of protoplasm must be expected to vary 
with the melting point of the fatty constituents (see further X.17). 

A similar comparison between the lower temperature limit 
and the temperature coefficient has been made, independently 
of BELEHRADEK, by ZAVADOVSKIJ and Srporoy (1927, 1928) in 
the case of the embryonic development of certain lower animals, 
with the same result, yet they give no explanation for the phe- 
nomenon. It may be added that in general those biological 
processes which yield a high temperature coefficient, as for in- 
stance embryonic development, possess at the same time a high 
biological zero, and that conversely the processes with a low 
temperature coefficient continue down to very low temperatures, 
é.g., conduction in nerves. 

In this connection it is important to know whether the permea- 
bility of the cellular surface, too, is decreased to zero at low 
temperatures. It has actually been found by F. C. STEWARD 
(1932) that the penetration of bromine salts into the potato tuber 
is arrested at 3° to 5°. The author admits that an increased 
protoplasmic viscosity might be the cause. Yet it seems that 
when the simple cessation of vital activity is followed by an 
injury, there is again an increase in permeability, as found by 
PANTANELLI (1919). 
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If the viscosity theory of chill-coma proves true, the 
possibility still remains that the increase of viscosity and the 
decrease of permeability bring about disturbances in the bio- 
chemical state of the cell and that thus the actual cause of the 
phenomena of chilling in many cases is ultimately chemical. This 
is made still more probable by the fact that the position of chemical 
equilibrium is changed when the viscosity of the medium is varied 
(see PISSARJEVSKI 1908). ‘ 


CHAPTER X 
INJURY BY HEAT AND HEAT RESISTANCE 


1. Meaning of the terms temperature optimum 
and maximum 


Although there is general agreement that life processes cease 
to remain “normal” as soon as a certain temperature is passed 
and that life is impossible at too high a temperature, there is 
much confusion as to the meaning of the temperature optimum 
and temperature maximum. 

The meaning of temperature optimum originally was ecolo- 
gical, and it was used to denote the temperature at which a given 
organism can best exist. Later the term was used in the physio- 
logical sense to designate the temperature at which a given 
process takes place with the greatest velocity. In this sense the 
temperature optimum is identical with the ‘‘celerrimum”’ 
(BLaauw 1926). Yet in some cases the optimum on the contrary 
is identical with the “‘tardissimum’’, so e.g. in the longevity of 
cells. The term becomes still more vague in meaning because 
of the fact that certain processes, as for example photosynthesis, 
seem to possess several temperature optima (LUNDEGARDH 1927, 
WALTHER 1927, YosH 1928). It will be shown below (X. 4) 
that the temperature optimum decreases with time; the change 
being often considerable, so that when speaking of temperature 
optimum, one should mention the length of exposure concerned 
(LEHENBAUER 1914). In regard to this, Kutyper (1910), Lerrcr 
(1916), Fawcerr (1921) and others (compare also F. F. Buack- 
MANN 1905) have suggested taking for an optimum the highest 
temperature which acts without any such time-factor. It must be 
remembered, however, that a considerable time-factor is sometimes 
observed even at temperatures which are very distant from the 
optimum. F. F. BLackmaNN (1905) proposed defining the optimum 
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as the highest temperature at which there is no permanent injury, 
the action being completely reversible. Yet he himself is 
aware of the difficulties which such a definition would imply 
in actual practice. In the special case of developmental processes, 


there seem to be many more difficulties in defining the tempe- — 


rature optimum, especially as the rate must be considered along 
with the degree of normality (see JANIscH 1931). It is clear that 
to define the optimum as being the temperature which is preferred 
by an organism when left to choose among several tempera- 
tures (Martini 1916, Herrer 1924, 1925, BoDENHEIMER 1929, 
NIESCHULZ 1933), involves a still further complication. 

In the following pages the term “temperature optimum” 
is to be understood as being identical with the inflection point 
of the temperature-velocity curve. In this sense the term is 
nowadays most often used in biology. 

The term “temperature maximum’, too, was used originally 
in the ecological sense, and it became more and more indefinite 
when it was understood in a physiological sense. A cell may be 
killed instantaneously at 100°, or only after a long exposure at 50°. 
The time-factor which accompanies the action of high tempera- 
tures (see X.4—X. 5), thus again makes an exact determination 
of the temperature maximum impossible, unless the time of 
exposure is known (compare Sacus 1864a). In regard to this, 
certain authors determined as “lethal”? the temperature which 
is sufficient to kill a given organism in one hour, while others 
suggested a shorter exposure, say one minute. When the suspension 
of many cells, or multicellular organs and tissues, are dealt with, 
still another difficulty arises, namely that different cells as a rule 
show unequal sensitivity to heat. In such cases it is a matter 
of convention to choose the moment at which all, one half, or one 
third, of the cells are killed (AyERS and JoHnson, 1924). 
Another complication arises from the fact that an exposure to 
heat first leads to heat rigor (X. 3), which may be either reversed 
or followed by death, according to circumstances which are 
not always sufficiently taken into account. 


2. Maxima 


In considering what has been said in the foregoing paragraph, 
it 1s questionable how much one is authorised to compare the 
numerous data now at hand concerning the temperature maxima 


j 


and optima. of various vital activities. The highest degree of 
reliability naturally is to be ascribed to data as to permanent 
exposure, during the whole life or during the development, to 
a given temperature. 

Such data, which are obviously of a rather ecological in- 
terest, have been reviewed chiefly by Davenport (1897—1899), 
DavENPoRT and CasTLeE (1896), PrEerrEeR (1901), TIGERSTEDT 
(1910—1914), Ptrrer (1927), etc. Yet it will not beout of place 
to quote here a few figures which are perhaps important from a 
more general point of view. 
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TABLE LXIX 


| 
| Permanent 
existence still , 
ossible, or : 
P Remark Authority 


: ppeces quite no 
| longer 
| possible, at 
| 
Fusarium (moulds), | 
various species . . 33—35° | growth ToGasut 193] 
_ of mycelium 


Bacillus anthracis. . 440 cultivation PASTEUR 
| (cf. LEFEVRE1911) 


Bacillus thermoamylo- | 


lyticus ..... || 65—68° cultivation CooLHAas 1928 
Thermophilic bacteria | 60°—>70° cultivation MiscuustIN 1927 
Bacteriophage, ther- | 

mophilic. . . . . | >70° ApDANT 1928 
Phormidium lami- 

MOSUN SA st Sb! (Thermal alga) | R.B. Harvey 1924 
Phormidium (sp.). «| 89° (Thermal alga) | R.B. Harvey 1924 
Dunaliella viridis . . | 50° (Volvocales) Baas-Back1ne1930 
(CHGENTEGA SPs) ge cs. | ie (Alga) OLTMANNS 1923 
Phaeocystis poucheti . | 11.6° (Alga) OLTMANNS 1923 
Nitschia putrida . . 30° (Diatom) OLTMANNS 1923 
JR TEES fe ae eee 30° OLTMANNS 1923 
Didymium nigripes . | 18—20° (Myxomycete) | SkupieNsx1 1930 
Paramaecium aurelia — 31.5° development | Wooprurr and 

| BaitsEty 1911 
Herpetomonas dono- 
van. . 34° cultivation CuRISTOPHERS and 
autt. 1926 
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As regards the maxima of single vital functions, they 
are not comparable with the same degree of reliability. In 
Table LXX only certain results, in which the timefactor was 


given are quoted. 


TABLE LXX 
| Activity 
Species / not pos- Exposure Authority 


| sible beyond 


(a4) Protoplasmic streaming and ameboid movement 


Nitella flexilis oe | 
Amoeba (vespertilio?) | 

| 
| 
Leucocytes of rabbit 
Leucocytes of rabbit 

! 


>31.5° 
50° 
55° 
50° 


(b) Ciliary and 


Paramaecium cauda- 
tum . - ae 
Paramaecium cauda- 
TUN 3s Par, 
Arbacia pustulosa, 
SPSL case e eee 
Human spermatozoa 


Fibroblasts (chick 
CMMI A NS Gy os << | 


Qsteoblasts (chick | 
embryo) . 


Malignant tissue (rat) | 
Normal skin (rat) . 


Frog nerve 
Frog nerve 
Frog nerve 


34—37° 


33° 


43.8° 
40.29 


| >100 seconds 


<5 min. 


5 min. 


9—30 min. 


several hours 


|—2 days 


1.9 min. 
4 hours 


(c) Cellular division 


— 509 


(d) Exe 
40—420 

50° 

40° 


20 min. 
34% min. 


3 hours 
3 hours 


itability 


2 min. 
30—45 sec. 
15 min. 


| Romisn 1931 

| Van HeERWERDEN 
ys ore 

Ono 1929 . 
Ono 1928 


flagellar movement 


MicHeEetson 1928 
MIcHELSON 1928 


BELEHRADEK 1930) 
STIGLER 1915 


Kemp and Juv 
1931¢ 


Prncus and FiscHEeR 
1931 

WESTERMARCK 1927 

WESTERMARCK 1927 


Atcock 1903 

Haremann 1908 

MANSFELD and 
Hecur 1926 


ee, Pa ee ee 
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ee ee ee 
Activity 

Species not pos- Exposure Authority 
sible beyond 


(e) Heart beat 


PRORLOISG. © 45's <2 -< | 48.6° 24 sec. ATHANASIU and 
CARVALLO 1897 


ortoise . .°... ss |i 51.0 19 see. ATHANASIU and 
| CARVALLO 1897 


(f) Metabolic processes 
Ulva, photosynthesis | 45° 


2 min. WuRMSER and 
JAacquot 1923 


(g) Killing of various types of cells 
(compare also a—c) 


Bacterium paratyphiB | 60° 5 min. OxERSKov 1925) 
Bacillus tuberculosis . | 63° 45 min. OxnrRskov 1925¢ 
Helodea densa, | 

epidermal cells . . | 55° 1 min. COLLANDER 1924 
Helodea densa, 


leaivcelisae ss. 2 || 54.3 3 min. BELEHRADEK and 
| collab. 1935 
Beta vulgaris, 


TOOuVGEIISes ss 55° 4.3 min. COLLANDER 1924 
Draparnaldia glome- 

rata (alga)... . 55° yy; min. COLLANDER 1924 
Tradescantia discolor, | 

epidermis . .. . || BD® 44 min. CoLLANDER 1924 
Paramaecium cauda- ] 

Cer a eee 3 Sl 440 9 sec. Porr 19275 
Paramaecium, sp. . | 43° 25 sec. PoyarKkorrF 1928 


Strongylocentrotus 
purpuratus, un- 
fertilized eggs . . | 
fertilized eggs 


32° 1.5—2 min. J. Lows 1908 4 
32° 1.5 min. J. Logs 1908 a 


3. Heat coma 


! A vital activity which has been arrested by heating the 
organism, may recover if the exposure was not too long or 
the temperature too high. This reversible change, now called 
“heat coma’, “heat rigor”, “heat immobility’, “Wadrmestarre’, 
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“ Wermenarkose”’, ee Warmelihmung’, was first observed, so it 
appears, by A. P. pe CANDOLLE (1806) in the excitability of Mimosa 
pudica, The plant loses the ability of response when kept at 37° 
during 11 hours, but resumes it on transfer to a lower tem- 
perature. Later on, the same phenomenon, 7. e. the loss of 
spontaneous motility or of excitability, was noted in animals 
(PickrorD 1851, Kine 1859, 1864, CLauDE BErNarpD 1878, 
DALLINGER 1887) and studied microscopically in lower animals 
and plants. NAmGELI(1860), Sacus (1864a) and KUHNE (1864) were 
first to study the microscopical changes which possibly might the 
occur in tke protoplasm before and during the heat coma, but 
their observations did not reveal anything which could be con- 
sidered as the intimate and specific cause of the phenomenon. 
As regards the more recent investigations in the same field, they, 
too, failed to give conclusive results. 


Different organs of higher organisms often show unlike 
sensitiveness when subjected to heat, and it seems that the 
central nervous system is again the least resistant. Heat 
coma in the metazoa is ascribed to the temporary suppression 
of the activity of nervous centers (compare WINTERSTEIN 1902, 
1905, Bonpy 1904, FROHLICH and KreEtpi 1921, H. Mryver 1909, 
1927, BREMER and Trreca 1930). In this respect the effect of 
heat is similar to the action of cold (see VIII. 7, d; IX. 6, c). 


Under certain conditions, not yet sufficiently narrowly de- 
fined, the effect of high temperatures leads directly to death, 
without any noticeable reversible coma (MANSFELD and HEcHT 
1926 in the nervous system, BReEMER and TirEcaA 1930 in 
amphibian nerve, WALLACE 1931 in Mimosa). It is to be con- 
cluded that in such cases the heat coma actually does exist, but 
that it is of such short duration as to escape investigation. 

Heat-coma must be considered as the external aspect of 


reversibility from heat injury, a more general phenomenon whose 
other aspects will be analysed below (X, 12). 


4. Time factor in the action of heat 


The changes which take place in living systems on warming 
to a high temperature do not occur at once, but require 
a certain length of time. It is thus important to examine the 
development of such changes in time. 
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There is firstly an abundant store of evidence that the tem- 
perature optimum sinks when the duration of the experiment is 
sufficiently prolonged. This was shown first by CHUDIAKOW 
(1894) for the production of CO, by yeast, by BLackMAN (1905) 
and Marrxast (1905) for the assimilation of CO, by green plants 
(see also Jost 1906), and later on was demonstrated in various 
vital phenomena by many other workers (Buctta 1911 in the 
contraction of the chick oesophagus; Fawcerrr 1921 in the growth 
of moulds; LauBIMENKO and HvBBENeET 1930 in the formation 
of chlorophyll: etc.). The following figures are taken from 
BuGuia’s paper on the chick oesophagus contracting in RINGER’s 
solution: 


TABLE LXXI 


; Optimum temperature for 
Duration of 


the experiment amplitude frequency 
of contractions of contractions 
1 hour 220 | 250 
3 hours Le 240 
6 hours 14° | 910 


The contractility evidently 
suffers in this case sooner 
than the rhythmicity. 
Secondly there is a cer- 
tain number of papers dealing 
with the decrease in velocity 
of various vital activities 
when the system is kept at 
a supraoptimal temperature 
for an increasing length of 
time. Fig. 56 is a graphical 
representation of the results Fig. 56. Sinking of the activity of 
gained by vaN AMSTEL and yeast cells at higher temperatures. 


J . Abscissa: time. Ordinate: velocity 
IreRson (1911a) on the pro Mag scloee oa 


duction of CO, by yeast. (van AmsTEL and ITERSON.) 
There is no depression of the 

activity at 45°, but from 46° onwards the depressing effect of 
heat increases regularly with the time. The change seems to 
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follow an S-shaped curve whose form varies with,the temperature, 
Yet the decrease in velocity in this and all other instances 
cannot be expressed mathematically by any simple formula, as 
pointed out by Kanrrz (1915, p. 24). The depression of vital 
activity as a function of exposure to a given supraoptimal 
temperature has been studied further by RurcErs (1911) in the 
“time of presentation” of the geotropic response in plants (com- 
pare also vAN AmsTEL and Irprson 1911)), by WurMsER and 
Jacguor (1923) in the rate of respiration in Ulva, by Kiopp 
(1924) in the bioelectric potentials of the frog skin, by KuRBATOY 
and Lronovy (1930) in the respiration of seedlings of Phaseolus 
aureus, ete. 

Another point which needs to be cleared in this connection 
concerns the rate at which a suspension of cells is killed when 
exposed to a supraoptimal temperature, ARRHENTUS (1903, 1915) 
and also some biologists after him argued that the destruction 
of blood-cells, sea-urchin eggs or bacteria by heat or any other 
agent follows a course which is identical with that of a simple 
chemical reaction, and they applied to the results thus gained 
the quantitative laws which are used in chemistry for molecular 
reactions of various orders. Yet Gros (1909) pointed out quite 
reasonably that a cell does not behave as a simple molecule, and 
that the resemblance of quantitative relations in this case is only 
superficial. Likewise Kanrrz (1915, p. 98) refuted similar attempts 
and showed that one and the same type of quantitative expression 
may be obtained not only for monomolecular reactions and for 
the killing of cells, but for any process as well whose course 
depends on simple probability. Also van AmsTEL and ITERsON 
(1911la) expressed the view that the curve of survival percentage 
of yeast cells, acted upon by heat, is analogous to the curve 
of probability of GaLton. Gros (1909) attributed to the diffe- 
rences of age of the blood corpuscules the fact that haemolysis 
does not take place at once, but progressively, and Moore (1917) 
showed that age differences in the eggs of a starfish are respon- 
sible for the sigmoid curve representing the relation between 
time and percentage cytolysis. The law of probability is to be 
applied similarly to PoRopKo’s experiments on seeds (1926¢). In 
reality the S-shaped curve which is often met with when the 
destruction of many cells or organisms by heat is studied, may 
asily be transformed into a curve of probability (fig. 57). This 


il 


complicated question, studied by still more complicated methods, 
is thus to be reduced to the simple statement that organisms of 
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Fig. 57. Diagram to illustrate the 
relationship between the curve of fre- 
quency distribution and the sigmoid 
curve often met with in biological 
experiments on the rate of killing of 
organisms. Lower curve: number of 
individuals which are just able to 
withstand a definite exposure (abscissa) 
to a given injurious temperature. Upper 
curve: number of individuals found 
dead at the end of various time inter- 
vals. The upper curve is obtained from 
the lower one by progressively adding 
the respective numbers indicated for 

single time intervals. me —> 


number of individuals —> 


a given kind possess unlike degree of heat resistance, obeying 
the laws of variability (see further X. 15d). 


5. Temperature coefficient of heat action 


The well-known fact that the velocity of heat injury depends 
on the degree of temperature applied .(Sacus 1864a), may be 
represented by means of temperature coefficients. To this end 
several methods have been proposed: 


(a) The simplest method is to determine the Qj) in the 
ordinary way (see IJ. 4). This method was adopted first by 
A. Meyer (1906), who determined the rate of killing of bacterial 
spores at high temperatures and calculated the ratio between the 
rates found at 80° and 100° respectively. He also compared the 
results of earlier workers and concluded that the duration of life 
decreases in geometrical progression, when the temperature is 
raised arithmetically. The idea was soon put on a more general 
basis by Jacques Loxp (1908a), Cxick (1908, 1910), Moore 
(19106, c), GoopspEED (1911), LepEscHKIN (1912), Kanrrz 
(1915), and others. The earlier work has been reviewed by 
Kanitz (1915); among the more recent publications should be 
mentioned first and foremost those by Groves (1917), JACOBS 
(1919), Brortow (1921), LEPpEscHKIN (1923d, 1924), PRzIBRAM 
(1923), CornaNDER (1924), Kiopp (1924) and DE VISSER SMITS 


(1926). 
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In all the cases examined a high value of Q,) was found, 
as is now well-known fact. The lowest values were found in the 
killing of dry tardigrades (Q,) = 2,8) and of bacterial spores 
(Qip = 4—12), the highest ones in the cytolysis of sea-urchin 
eggs by hot water (Lozp 1908a, Q,) = 1.000), in the killing 
of hydrozoa (MoorE 19106, Qi = 485—3.900, compare Kanrrz 
1915) and of protozoa (Jacoss 1919, Q,) = 58000). — Yet in 
considering more closely the figures given by various authors 
it is evident that the Qj, , here too, is often very inconstant at 
various intervals of temperature (see Kanirz 1915, p. 107seq.; 
Jacoss 1919; Przipram 1923; CoLLANDER 1924; DE VISSER 
Smits 1926; BELEHRADEK and MELICHAR 1930a). 


(6) ARRHENTUS (1908, 1915) proposed his formula (see IT. 7) 
to describe the effect of heat upon red blood corpuscules, and he 
has been followed lately by some biologists who studied other living 
systems: J. H. Smrrx (1923), L.A. Brown and Crozrer (1927), 
L. A. Brown (1928), KrugGrR (1932). BELEHRADEK (19285) has 
pointed out that there is no advantage in the use of this rather 
complex formula in biology, because for narrow temperature 
intervals it may be reduced to the simple rule of vAN’T HOFF 
(see II. 7). 


(c). PoropkKo (19266) suggested an empirical formula: 


7 A 

~~ tm (XXXII) 

in which z is the time necessary to produce a given effect, e.g. 
death, t is temperature, A and m constants. The constant m has 
the meaning of a temperature coefficient. It will be noted that 
this formula is identical with that proposed by BELEHRADEK (1926) 
for the change of velocity of vital processes with temperature 
(see IT. 8), but this identity obviously is only accidental. The 
empirical formula of PoropkKo, originally designed for the killing 
of seeds at high temperatures and tested by the same author on 
some earlier data of other investigators (see fig. 58), has been tried 
since by Poyarkorr (1928) and by BELEHRADEK and MrLicuaRr 
(19304, 6, 1931). The last mentioned authors have found in 
certain cases two different values of m, one for the temperatures 
not far from the optimum, the other, which is higher, for the 
highest temperatures examined. The same seems to hold good 
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also for several other organisms studied by other workers (fig. 67, 
p- 391; see also COLLANDER 1924). The hypothetical conclusions, 
drawn by BELEHRADEK and MeEticuar, will be referred to later 
px. 16/). 


(d). JANIScH’s temperature-time equation, already discussed 
above (II. 6) along with objections which have been raised against 
it, considers not only the biokinetic temperature scale, but also 
the supraoptimal temperatures. The chief obstacle in the practical | 
use of this formula lies in the fact that the velocity of vital pro- 
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Fig. 58. Illustration of the validity of Poropko’s formula. Abscissa = log 

of temperature. Ordinate = log of time necessary to produce death or a 

given degree of injury. Constructed from data of Moork 19106 (Tubularia), 

HareMAnn 1908 (frog nerve), LEpESCHKIN 1912 (Beta, Tradescantia) and 
Groves 1917 (wheat grains containing 12% of water). 


cesses at higher temperatures is not constant, but varies conside- 
rably with time of exposure, as has been shown in the preceding 
paragraph (X. 4). 

It is perhaps superfluous to state expressly that none of 
these formulae can be regarded as rational and that all are only 
empirical equations. For this reason a general validity or a more 
general interpretation cannot be ascribed any of them. 

It may be useful to quote here the chief temperature coeffi- 
cients of heat action in tabular form (Table LX XII). 
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; GROVES (1917) suggested that the Q,, is lower in plants than 
in animals, and he put an ecological interpretation on this assumed | 
property of plants. Yet when the Q,, of various animals and plants 
are compared, GROVES’ statement does not hold good. On the 
contrary it appears from Table LX XIT 
that organisms in a dry or semi-dry 
state, both animals and plants, yield 
low values of Q,9, while organisms under 
normal conditions give high figures. 
In general, it seems that the numerical 
value of the temperature coefficient 
of injury by heat is often asso-_ 
ciated with the degree of resistance to 
heat, as may be concluded for bacterial 
spores from the data of A. MEYER 
(1906; see fig. 59; compare X. 14a, 17). 
Regardless of the formula applied, 
the temperature coefficients of the rate 
of injury by heat are always high, a 
conclusion arrived at first by J. Lozs 7a 0 76 200 
(1908a) and by many others after him minutes 
(for the earlier literature, see Kanrrz Fig.59. To show the proba- 
: ble relationship between 
1915; compare further especially 4, degree of resistance of 
ARRHENIUS 1908, 1915; CuHick 1910; bacterial spores, expressed 
9 97 as the length of time ne- 
PRZIBRAM 1923, Pirrer 1927). When eae soteaiad aes don 
however the tissues are exposed to at 80° (abscissa), and the 
temperatures lying only slightly above _ temperature coefficient (9) 
: é ye of the rate of heat injury. 
the optimum, the temperature coeffi- Gi stmucted from data of 
cient is lower. A. Meyer 1906. 


6. Structural changes induced by heat 


It was hoped, especially by the earlier investigators, that the 
mechanism of heat-injury might be revealed by the study of 
microscopical changes induced by heat. The extensive amount 
of work to which such attempts gave rise may be briefly summari- 
zed as follows: 

(a) Formation of granules 

High temperatures have often been shown to produce forma- 

tion of new granules in the cytoplasm of various types of cells. 


Protoplasma-Monographien VIII: Bélehradek 12 
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This was first demonstrated by M. ScuuLrze (1863) in Actino- 
phrys eichhorni. Yet ScuvuttzE thought that the granules were 
present even in the living cytoplasm and that they were only 
made more visible by high temperatures, from 43° onwards. At 
35°—38° no new granules appeared, though a contraction of 
pseudopodia developed. H. DE Vries (1871) described granules 
and turbidity in the protoplasm of plant cells killed by boiling. 
Analogous phenomena were observed later by Ductaux (1898— 
1899) in bacteria and by Kiem (1895) in the hair cells of various 
plants. On the contrary Kuarnsky (1911) stated that in Para- 
maecium caudatum there is an accumulation of crystalline excretory 
granules when the temperature of 24° is passed, but that at 30° 
the number of entoplasmic granules, which stain by neutral red 
or Bismarck brown, decreases. LLEPESCHKIN (1910, 1923d, 1924) 
observed a formation of fine granules in the superficial proto- 
plasmic layers of Spirogyra at 43°—47.6°, and Faurf-FREMIET 
(1924) in the egg of Sabellaria at 20°—33°. 


(b) Ultramicroscopical changes 
produced by heat were studied by Port (1927a) in Paramaecium. 
The surface layer, which normally is bright in dark-field illu- 
mination, becomes dark on heating. RuNNsTROM (1928a), working 
with the eggs of the sea-urchin, arrived at a similar conclusion. 
There is at the surface of the egg a white or yellow gleam, which 
disappears on heating to 41°—65°, 


(c) Vacuolisation 

NAGELI (1860) probably was the first to describe a 
vacuolisation of the protoplasm in Nitella syncarpa on heating 
to a temperature at which protoplasmic streaming ceases. The 
same phenomenon was observed by STRASBURGER (1878) in 
the zoospores of Haematococcus at 50°, and by DALLINGER (1887) 
and JAHN (1933) in flagellates. Yet the vacuoles disappeared in 
the latter case as soon as the culture became adapted to the new 
temperature. Similar cytoplasmic vacuolisation, as a sequence 
of heating beyond the optimum, occurs in Paramaecium 
(Kuarnsky 1911), in many algae (O. Harrmann 19185, 1919c), 
in the root-tip (GEORGEWITscH 1910), in the cells of onion scales 


(WASSERMANN 1921), in the sea-urchin egg (EPHRUSSI and PaRat 
1927), ete. 


> 
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(d) Protoplasmic contraction 
is another effect of heating which has been frequently described 
in the most diverse types of cells. The first observation of the 
phenomenon again is due to NAGEti (1860), who found it in 
Nitella. Soon after him, M. Scuunrze (1863) described per- 
manent contractions and “‘varicosities” in the pseudopodia of 
Actinophrys. The phenomenon has since been observed chiefly 
in rhizopods by IsHikawa (1913) and Van HERWERDEN (1927), 
in amebocytes of the starfish by Faurs-Fremrer (1929), and 
others. D.C. Smirx (1928, 1929, 1931) described the contraction 
in the melanophores of various vertebrates at high temperatures. 


(e) Changes of cellular size and shape, 
described in yeast cells by RicHarps (1928), in ciliates by Lén- 
NER (1913, 1930) and in the eggs of the sea-urchin by KNAFFL- 
Lenz (1908), Epurusst (1925a, 1927) and AcHArD (1927), are to 
be explained either as a result of osmotic changes (LOHNER, EPH- 
RuSSI 1925a), or as a change in imbibition (EPHRuUSSI 1927). These 
changes seem to be analogous to those which occur in the bio- 
kinetic temperature interval and which have already been discussed 
above (V. 2). On the other hand, the size or shape of certain cells 
varies on long exposure to slightly supra-optimal temperatures 
(MoLLIARD 1925 in Aspergillus niger; RicHARDS 1928 in yeast- 
cells; Hatnes 1931 in moulds; etc.). Such changes perhaps 
may be compared with those which are discussed in Chapter VI. 


(f) Cytolysis 
is the final effect of heat injury and may often occur with great 
rapidity. It has been observed in the eggs of echinoderms by 
many investigators, and studied quantitatively on the same 
material by Moore (1917a, 6). In protozoa the incipient heat 
cytolysis is made manifest by the swelling of the body, which 
soon disintegrates (LOHNER 1913, 1930; Port 1927a,b; CHALKLEY 
1930a, b). Yet the best-studied type of cytolysis of this kind is 
the well-known heat haemolysis (for the earlier work see KonPPE 
1903), which has been investigated quantitatively by KOEPPE 
(1903), Gros (1909), ARRHENIUS (1908, 1915), Rywoscu (1911) 
and others. At 529—55° the erythrocytes become spherical, 
exude colourless droplets and disintegrate into fragments which 
lose haemoglobin. The process is greatly hastened at higher 
12* 
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temperatures and at 68° the haemolysis is instantaneous (KOEPPE 
1903). When however still higher temperatures are applied, the 
interior of the cells coagulates at once and no haemolysis takes 
place. 

Similar behaviour is observable in the ova of various marine 
animals. When the temperature applied does not greatly exceed 
the biokinetic limit, the egg is cytolysed. At very high tempera- 
tures, however, rapid coagulation occurs (KNAFFL-LENZ 1908; 
Horstapivs 1923, 1925; Runnstr6m 1924, 19285). 


(g) Changes in lipoid constituents. 

Certain cytological changes produced by warming are appa- 
rently connected with the liberation of protoplasmic fats and 
lipoids. Chiefly at moderately high temperatures such pheno- 
mena are observed. Various cells, when heated, form at their 
surface round-shaped protrusions, containing a watery liquid 
and covered with a thin film, which probably is rich in lipoid 
substances. Such “hernial’” protrusions, superficial vacuoles or 
myeline figures of various sizes are known to occur, under the 
action of heat, in the eggs of echinoderms (KNAFFL-LENZ 1908, 
RunNNstTROM 1924, HOrstapius 1925), of Ascaris (HoauE 1910) 
and of certain annelids (HORSTADIUS 1923), in ciliates, in erythro- 
cytes (JoLuy 1926), etc. 

Po.urcaRD (1912) demonstrated that mitochondria in the he- 
patic and renal epithelium cells of the frog suddenly disappear 
on heating to 58°. The same change takes place in plant cells 
at 48°—50° (PoLticarD and MANGENoT 1922), yet the disappear- 
ance is not complete, and thin “‘shadows” remain, as was recently 
reported by Famrn (1931). Likewise in the egg of Sabellaria 
there appear at higher temperatures (over 20°) granules, probably 
of a lipoid character, which disappear at 40° (FAURE-FREMIET 
1924). Rounding up, fragmentation and other changes of shape, 
as well as loss of stainability, in mitochondria have been found 
to occur on the application of a temperature between 30° and 66° 
in cells of various organisms (LEwIs and Lewis 1915; Famrn 1931 : 
Ernrusst 1933; compare reviews by Faurt-Fremret 1925 and 
by Her~prunn 1928). According to HEILBRUNN (19245) there is a 
very small “gray cap’, composed of lipoid substances in normal 
centrifuged eggs of Arbacia, while in previously heated and then 
centrifuged eggs of the same species the “cap” is much larger, 


ig 


or, On a more pronounced heat injury, it disappears completely. 
Likewise Hocun (1910) found a marked difference in the strati- 
fication of the protoplasm in centrifuged Ascaris-eggs, according 
to whether they had been heated or not. Similar observations 
have been made by Hérsraptvs (1923) in the eggs of an annelid, 
Pomatoceros triqueter. 
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Lipoids seem to be altered in tissues of homoitherms during 
fever or sunstroke. FAnraxrus (1926) reported that the fatty 
substances of the suprarenal tissue in rats first lose their aniso- 
tropy and then progressively disappear under the action of an 
artificial hyperthermia. That the blood during fever and sunstroke 
becomes rich in lipoid substances is a well-known fact. 

The cellulose wall of plant cells, too, easily Joses its phos- 
phatids and sterols, when the temperature rises slightly over 30° 
(HANSTEEN CRANNER 1914, Macisrris and ScHAFER 1930). 


(h) Nuclear changes. 

The nucleus seems to be the most heat-sensitive of all cellular 
constituents (although EpHrussi 1933 maintains the opposite for 
the eggs of sea urchin). In the leucocytes of the frog, warmed 
to 37°, it goes into fragments and completely disappears, while the 
cytoplasm still moves, as was observed by RtziéKa (1918). In 
Spirogyra, heated to 43°, the nucleus is the first to coagulate 
(LEPESCHKIN 1923d). Caposianco (1920, 1921) saw an extrusion 
of nuclei in the erythrocytes of the T'riton, kept for several days 
at 34°. Eparussi (19246) described a moving of chromatin from 
the nucleus into the cytoplasm in the sea-urchin egg at 31°—32°. 
GREELEY (1903a) observed a fragmentation of the nucleus in 
the echinoderm eggs on heating them to 27°. Similarly DE 
LivaRDIbRE (1925) observed a dissolution of chromatin substance 
in the root-cells of the onion at 48°—50°. Some authors have 
observed a heat gelatinisation of the nucleus (ALVERDES 1922, 
vAN HERWERDEN 1927, Nassonoy 1932). According to VAN 
HERWERDEN (1927), new granules appear in the nucleus of Amoeba 
at about 50°. The same occurs in Euglena at 40° (JAHN 1933). 


(i) Changes in mitosis 
The changes just described concern the nucleus in the state 


of rest. Much attention was also paid to the action of heat upon 
the dividing nucleus. It is now a well established fact that the 
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dividing nucleus is more sensitive than the resting one (NEMEC 
1909, 1910; Epurusst 19246, 1933; BuccranrE 1926, 1927a; 
Kemp and Juun 1931la—c), as far as the cells of higher animals 
and plants are concerned. Lampert and Hanes (1913) established 
that the upper temperature limit for explants from chick embryo 
is more than 47°, but mitoses are arrested at 43°—44°. As regards 
protozoa, the only information available is that of Port (1927a), 
who found that conjugating Paramaecia are more resistant than 
non-conjugating ones. : 

The successive phases of the mitotic process are distinctly 
unlike in their response to heat. According to F. WASSERMANN 
(1921, 1931), the beginning and the end of the process are the 
most sensitive, while according to EpHrusst (1924a, 1933), Buc- 
CIANTE (1926, 1927a), and Koxort (1930), the more advanced 
phases are most easily arrested by heat. Kemp and JuuL (193la-c) 
have put forward the view that the critical moment is between 
the metaphase and the telophase. A satisfactory explanation 
of this behavior is not at hand, though F. WassERMANN (1921) 
suggested that the phenomenon might be caused by differences 
in hydration, whereas the other investigators admit rather a col- 
loidal cytoplasmic change, which presumably accompanies various 
stages of mitosis. Let us recall that various mitotic phases possess 
different temperature coefficients (IIT. 14). 

When exposure to heat is not too long, the changes are 
reversible and the subsequent divisions are apparently normal 
(in the sea-urchin egg, EpHRusst 1924a, b; in explanted embryonic 
cells, M. R. Lewis 1933), but at other times asymmetric divisions 
of chromosomes may result, which may give rise to polyploidy. 
Atypical or asymmetric division of the chromatic substance has 
been observed by ScHRAMMEN (1902) and by SABLINE (1903) in the 
meristem cells of Vicia faba, by SAKAMURA and Stow (1926) in 
pollen grains, by Epurusst (1924a) in the sea-urchin egg, by Kemp 
and JuuL (193la—e) in the fibroblasts of the chick, ete. Poly- 
ploidy as the result of a semi-reversible heat-injury has been 
noted in various plants by Pritiimux (1880), Kosnucnoy (1928), 
CoTNER (1930a, 6) and by others, in Amoeba by DaANTEL and 
CHALKLEY (1932), in embryonic tissue cells by M. R. Lewrs (1933). 

Anomalies of mitosis, induced by heat, might lead to hereditary 
modifications and to mutations. In fact many authors observed 
“permanent modifications” and true mutations as a result of the 
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exposure of organisms to a high temperature: in lower fungi 
(HAENICKE 1916, Brocuwitz 1923, BARNES 1928, CHRISTENSEN 
1929; earlier literature in Prerrer 1901 and in BrreRLEY 1920), 
in higher plants (HiorTH 1930, Hutt and Grossman 1932, 
NavVASHIN and SHKVARNIKOV 1933, ete.), in protozoa (JoLLos 1913, 
SZABUNIEWICZ 1929), in crustacea (SPOONER 1932), in various 
insects (STANDFUSs 1902, TowxEr 1906, GornpscumipT 1929, 
RoxizKy 1930, Erromson 1932, Jonztos 1932 ; compare also 
Ferry, SHAPIRO and SrpoROFF 1930). 

Effects of heat on chromosomes have been studied especially 
by NEmec (1909—1910) and Minoyrpoy (1932). Under the action 
of high temperatures, the chromosomes swell up and finally are 
dissolved. 


7. Changes in protoplasmic viscosity 


That supraoptimal temperatures increase the viscosity of 
the protoplasm, was first demonstrated by Russo (1910), who 
observed the gradual arrest of the Brownian movement in various 
vegetable and animal cells heated to 43°—50°. HzrLBRonN (1914) 
observed an increase in viscosity in certain plant cells, subjected 
to supraoptimal temperatures and examined by the method of 
falling starch grains. Later on (1917) the same author made a 
similar observation in plasmodia of slime-molds by means of his 
electro-magnetic method. Similar phenomena were later reported 
by other authors in various types of cells: by HEILBRUNN (1924a, ) 
in the eggs of Cumingia and of Arbacia, working by the centrifuge 
method; by Fauri-FREemMizt (1929) in the pseudopodia of amebo- 
cytes of the starfish, by microdissection; by Port (1927a) and by 
Van HERWERDEN (1927) in protozoa, by estimating the time of 
contraction of the pulsating vacuole; by DErry (1929) in Spiro- 
gyra, by the method of plasmolysis; by TrrELxt (19306) in Arbacia 
eggs by the centrifuge method; by BELEHRADEK and MELICHAR 
(1930a) in Helodea canadensis, by studying the shape of plas- 
molysed protoplasts. Fig. 60 is a microphotograph reproduced 
from the last mentioned paper. 

In spite of the many objections which may be raised against 
any of these methods, these results seem to demonstrate that the 
viscosity of protoplasm does increase on heating. The exception 
is the egg of Sabellaria, in which FauRE-FREMIET (1924) observed 
a liquefaction at temperatures higher than 28°. These tempera- 
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Fig. 60. Shape of plasmolysed and coloured (neutral red) cells of Helodea 
canadensis, showing various degrees of injury by heat. 


a: normal, b: slightly injured, c: severely injured and dead (the latter do 
not stain). BELEHRADEK and MELIcHAR 1930a. 


tures are decidedly supraoptimal for that species, as may be 
judged from the decreased rate of division and from the abnormality 
of the cleavage. Likewise THORNTON (1932) saw a liquefaction 
in Amoeba proteus when warmed to 30°—38°. 


An increase of protoplasmic viscosity 


by heat is in agreement with an analogous 
phenomenon not only in proteins, but 
also in liquids expressed e.g. from the 
ova of Bombyx mori (Picorti 1924, 
1931; Trretitr 1930a, b, 1931). The 
figure 61 is reproduced from PrIGORINI 
(1924). 

It has been recently demonstrated 
by E. and H. GELiHorN (1928) that the 
temperature coefficient of the rate of 
penetration of vital stains through the 
sr m7 3 : 7 frog skin at normal temperatures is 
Fig. 61. Effect of tem- considerably increased when the skin had 
perature (abscissa) on the been previously heated to 45° for 4minutes. 


saecaed orainnte) ofthe If it may be assumed that there is a re- 
uld express gos y ay eS “ 
q att cikworm. lationship between temperature coeffi- 


Picorinr 1924. cients and the viscosity of protoplasm 


me 
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(see IV. 9), this too would indicate an increase of protoplasmic 
viscosity as a consequence of heating the tissue. 


8. Changes in permeability 


Tt was known as early as 1855 to NAcxtt that plant tissues, 
killed by hot water, lose their turgor and give off natural pigments 
(see Sacus 1864a). These phenomena now often serve as a test 
of vitality in experiments on the action of heat (LEPESCHKIN 1910, 
COLLANDER 1924, pr VissER Smits 1926, etc.). Srmms and 
JORGENSEN (1917) observed that the intake of water by potato 
tuber tissue ceases and is replaced by exosmosis on heating to 40°. 

When plant tissue is heated gradually, its electric con- 
ductivity increases, but only as long as the biokinetic temperature 
range is not surpassed. From 45°—50° onwards the increase 
becomes very rapid and the change in conductivity is now irre- 
versible (V. H. BLAacKMAN and Patne 1918; Drxon and CLARK 
1928; SEN 1928). 

In general there is an irreversible loss of selective permeability 
when the tissues are injured by heat. The surface of a cell killed 
by heat behaves almost as an ordinary lifeless membrane (HEWITT 
1924). Yet E. and H. GELLHoRN (1928) have observed that 
heating of a frog skin to 45° increases its permeability for chlorides 
and for acid dyes, but decreases the permeability for basic dyes. 


9. Chemical changes 


As temperature generally modifies the quantity and chemical 
composition of many metabolic products (see Chapter V), the 
question arises as to what extent heat injury is associated with 
such chemical changes. 

DE VRIES (1884) observed the accumulation of acids in suc- 
culent plants exposed to a high temperature, and the same change 
certainly takes place in any plant when subjected to supra- 
normal temperatures (see Prerrer 1901; [RaKiinow 1912; 
H. Evans 1932, etc.). Likewise in minced muscular tissue the 
production of lactic acid is greatly increased on heating (TESAURO 
1924). Montrarp (1925) observed a decrease of the ash content . 
of Sterigmatocystis cultivated at supraoptimal temperatures. 
Parallel with this change was a modification in the chemical 
composition of the cell-wall, revealed by staining with iodine. 
Kwarysky (1911) observed an accumulation of dark granules of 
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excretory products, often crystalline, in the protoplasm of Para- 
maecium at and above 24°. Scarrrpr (1928a, b) and his colla- 
borators b’AvaNzo (1928, 1929), Guaxpi (1928) demonstrated 
that chemical changes occur in various mammalian and frog 
tissues on the application of supraoptimal temperatures. In 
green plant cells formation of pheophytine from chlorophyll often 
occurs at high temperatures (JAHN 1933, ROBEN 1933). 

Many other similar changes, chiefly in the water content, 
which accompany heat-injury, were studied in connection with 
the action of biokinetic temperatures. These have been dis- 
cussed above (V. 2). 


10. Changes in bioelectric potentials 


As stated first by ENGELMANN (1872), the electromotive force 
of currents derived from the frog skin rapidly falls at 30°—35°, 
and disappears entirely at 40°. This was confirmed later by 
Bacu and O8HLER (1880) and is now known as a characteristic 
effect of heat upon living systems. Under appropriate conditions 
the study of bioelectric currents may become a suitable method 
for the investigation of heat-injury (KiLopp 1924; see fig. 62). 


1l. Sequence of changes produced by heat 


LOHNER (1913) found that the symptoms of injury in ciliates 
develop in the following order, when the cells are gradually 
heated at the rate of 1° per minute: 


TABLE LXXIUI 


Maximum | Paralysis 

Species | velocity of Cireus of Death 
| locomotion | movements cilia 

= == 7 —— fgg 
Colpidiwm colpoda 30° aia 379 38.3° 
Leucophrys patula | 31° 37° 39° 39.79 

Paramaecium cau- | 
datum... .| 349 420 44.59 45.0° 
| 


LEPESCHKIN (1923d, 1924) distinguishes four stages in what 
he calls “the heat coagulation of protoplasm”’, as may be observed 
in Spirogyra at 43°: (1) invisible change in dispersity, associated 
with an increased permeability; (2) visible coagulation of the 
superficial protoplasmic layers; (3) coagulation of the chloro- 


ro —s 
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plasts; (4) complete coagulation of the whole cell. Likewise in 
Paramaecium heat injury develops in four successive stages 
(Port 1927a): (1) increased permeability for water; (2) beginning 
of coagulative changes at the surface, circus movements; (3) im-_ 
mobility, swelling of the body, coagulation advancing from the 
poles inwards; (4) complete solidification of the whole body, 
followed by disorganisation, while the cilia are still in motion. 


100 


Fig. 62. The course of the “ 
process of heat injury of 
the frog skin, evaluated by 
means of the percentage 
lowering of the electric po- a 
tential difference between 10 
inside and outside surface. yo 
Abscissa: time of exposure. 60 
Ordinate: percentage de- yo 
crease of the potential 
reached in the time. 50 Se 
Kopp 1924. ‘ 
af) 30 ow 120 min 180 


From other investigations, discussed in X. 64—1, it appears 
that the nucleus is injured by heat before any other constituent 
of the cell. 

It is noteworthy that cellular activity may be decreased or 
even lost before any structural changes can be detected. This 
was observed by Resvsakovy (1923) for the excitability of the 
frog nerve and by WurMseR and JaAcquor (1923) for photo- 
synthesis in certain algae. 


12. Reversibility of heat injury 


We have seen above (X.3) that the alterations produced 
by heat in various vital activities are often reversed on the transfer 
of the organism to a normal temperature. Likewise it was ob- 
served by numerous investigators, whose work has been discussed 
in the preceding paragraphs (X. 6—X. 11), that the structural, 
biochemical, colloidal and other changes produced by heat, 
are reversible, if they are not too advanced. The ability to recover 
is in some cases restricted to a short interval and thus cannot 
be noted experimentally, but in many other cases it is main- 


tained for hours. 
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Apart from that, the recovery itself is rapid in certain in- 
stances, but may last for months in others. A. P. DE CANDOLLE 
(1806) reported that Mimosa pudica, made inexcitable by an 
exposure to 37° for 11 hours, recovered at 20° after one or two 
days. STRASSBURGER (1878) saw that zoospores of certain algae, 
immobilized by 50°, resumed their motility after 15 minutes at 
an ordinary temperature. In 1925, 1928, Dickson and his colla- 
borators observed what is probably a record period of dormancy 
(72 months) following injury by heat in the case of spores of 
Clostridium botulinum. 

When a living system is heated repeatedly, three different 
cases may present themselves: (1) the effect is equal to the 
simple sum of all the single exposures, 7. e. there is no recovery 
in the intervals between successive exposures, nor any adaptation ; 
(2) the final effect is less than the single injuries, 7. e. recovery 
takes place in the cold intervals; (3) the system increases its 
resistance with an increasing number of exposures or on appli- 
cation of increasing degrees of temperatures, i.e. the system 
becomes adapted. The third of these cases will be dealt with in 
a special paragraph (X.17). The second case is of importance 
in this connection. 

LEPESCHKIN (1923d) proved that filaments of Spirogyra, 
heated uninterruptedly, died after a shorter exposure than those 
in which exposure to the same high temperature was intermittent. 
Jacobs (1919) likewise demonstrated that Paramaecia die sooner 
when they are heated quickly and when the recovery process is 
thus eliminated, than when the heating is slow. That such recovery 
may be relatively rapid, is evident from Ktopp’s (1924) figures 
on the bioelectric currents of the skin of Rana catesbiana. The 
potential, which falls when the skin is exposed for 10 minutes 
to a temperature of 38°, is restored within 20 minutes at a normal 
temperature. When the fall in potential is more pronounced, 
the recovery is not complete, and when the injury is still more 
advanced, the potential difference of the skin is restored for only 
a short time, and is destroyed very soon afterwards. 

Jacoss (1919) remarks that Paramaecia which were injured 
by heat to a definite stage may conserve their vitality for 24 hours 
at normal temperature, but finally die. On the contrary, EPHRUSSI 
(1924a—1925b) and AcHarp (1929) observed a normal or almost 
normal development of sea-urchin eggs which were previously 
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treated by heat, though they showed important colloidal changes. 
‘The same was demonstrated by TrRELLI (1930a@) in the eggs of 
Bombyx mori. 

According to * LEPESCHKIN (1923d) recovery is no longer 
possible in Spirogyra after the chloroplasts have begun to coagulate. 
On the other hand, the coagulation of the superficial protoplasmic 
layer may be reversed. Port (1927a) observed that Paramaecium 
could be restored after injury by heat, if the stage of colloidal 
changes in the superficial protoplasm was not passed. 

TIRELLI (19306), who measured the protoplasmic viscosity 
in the eggs of Arbacia by the centrifuge method, observed, in 
agreement with the earlier results of HemBRuNN (19246), that 
the increase of viscosity was reversible in the beginning, i. e. at 
not too high a temperature and not too long an exposure, but 
when the eggs thus treated were subsequently fertilized, the 
reversibility was no longer possible. 


13. Non-specific nature of heat-injury 


Among the various modifications of living systems produce- 
able by heat, there is none which might be said to be exclusively 
_ brought about by heat alone. In fact the same modifications 
can be induced by many other agents, physical and chemical. 
It was noticeable even to the earliest students of this problem 
that practically the same changes are produced in living bodies 
by extremely high as by extremely low temperatures (NAEGELI 
1860, Sacus 1864a, HormetsteR 1867, Kiemm 1895). Sacus 
(1864a) further pointed out that certain cytological changes take 
place not only on the application of heat, but also on the appli- 
 eation of electric current. Likewise atypical mitosis, polyploidy, 
etc. have been produced equally by high and by low temperatures 
(SABLINE 1903, EpHrusst 19246, KosHucHov 1928, BLEIER 1930, 
etc.) and certain chemicals, notably the narcotics, act under 
certain circumstances in the same way (SABLINE 1903, SHIMo- 
Tomar 1927). It would not be difficult to multiply evidence of 
non-specificity of heat effects by comparing other changes, which 
have been said to accompany the injury by heat, with similar 
changes which take place under the action of cold, mechanical 
injury (LEPESCHKIN 1924), various radiations, salts (Port 1927a), 
diverse chemicals, differences in pH, high or low osmotic pressure, 
ete. (compare, in the case of the sea-urchin egg, EPHRUSSI 19244; 
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as to the atypical coloration of butterflies: GREELEY 19036, 
ZIEGLER 1905, E. Fiscuer 1908, J. LoEB 1912, Procanow 1927). 


14. Effect of heat combined with other agents 


Attemps at a hypothetical explanation of the effects of heat 
upon living systems made it necessary to study the action of 
high temperatures in combination with other agents. There is 
now at hand an extensive literature which it will be useful to 
review prior to the discussion of the theories of heat-injury (X. 16). 
From what has been said in the foregoing paragraph, it is to be 
expected that combination with any agent, physical or chemical, 
will in most cases increase or hasten injury by heat (STIGLER 1915, 
LEPESCHKIN 1923d). This assumption is actually confirmed 
by numerous observations, as will be demonstrated below. Yet 
the effect may also be such that the agent in question increases 
the resistance of the system to heat, though this seldom actually 
happens. 

(a) Water content. 


Already Sacus (1864a) and H. pE Vries (1871) quoted as 
a commonly known fact, etablished chiefly by PASTEUR and others, 
that dry cysts, spores, seeds, dry tardigrades, yeast-cells, etc. 
resist heat better than moist ones. It is now current knowledge 
that such forms can be submitted to temperatures of 100° or 
even more without injury for a relatively long time. Sacus also 
pointed out that water plants are more easily injured by heat 
than dry land plants, a conclusion which however could not be 
accepted nowadays. It would be out of place to quote here all 
the extensive work hitherto published on the increase of resistance 
to heat with decreasing water content. (Compare especially: 


dry moss: Ewart 1896; — seeds: L. Just 1877, Groves 1917, 
SiIGALAS and MARNEFFE 1922; — pollen grains: HtortH 1930: — 
dry yeast: ScHuMACHER 1874, ScHUTZENBERGER 1879; — bac- 


terial spores: SACHS 1864a, GLoBiGc 1888, Lewrrn 1890, BricELow 
and Esty 1920, Macoon 19266, Dickson 1928, Dickson and 
collaborers. 1924; — bacteriophage: D’H&RELLE 1926; — spores 
and cysts of protozoa: DALLINGER 1880, Boprnge 1923a; — moss 
fauna: RicHTERS 1908, Raum 1923; — eggs of certain crustacea: 
Martutas 1929. — Many data are collected in: DavENPoRT 1897 
—1899, Davenport and CastLe 1896, PrerrerR 1901—1904, 
BucHANAN and FuLMER 1928—1930.) 


a a im 


INJURY BY HEAT AND HEAT RESISTANCE 191 


Much time has been spent in studying the resistance of 
various insects under varied conditions of humidity (see the 
reviews by Buxton 1932, Imus 1932). It seems that at a definite 
atmospheric moisture-content the resistance of certain insects 
is at its highest and that it is lowered both on increasing and 
decreasing the humidity (BEATTIE 1928). 

Boprnk (1923a) studied more recently the susceptibility of 
protozoan cysts (Colpoda cucullus) to heat as compared with 
protozoans in the active state. Dry cysts withstood 100° for 
three days, moistened cysts died at < 55°, while active organisms 
were killed at 37°—45.6°. Similar results are those gained by 
MarHtAs (1929) with the eggs of phyllopods. Yet it is important 
to note that a decrease of water content by a hypertonic medium 
does not increase resistance to heat (see below, g). 


The question as to whether the numerical value of the tem- 
perature coefficient of heat injury is influenced by the percentage 
of water present in the system, can best be answered by comparing 
the data contained in Table LX XII, p. 174. Generally speaking, 
dry organisms seem to yield lower temperature coefficients than 
organisms of high water-content. We arrive at the same conclusion 


in the case of Groves’ (1917) experiments on wheat grains: 


TABLE LXXIV 


Amount of water | Qi) of the rate 
in seeds | of killing 
9% | 9.2 
12% 10.1 
17.5% | 16.5 


(b) Variations of pH. 

The resistance to heat of various lower organisms and isolated 
cells is greatly affected by pH-variations. Korpre (1903) found 
that the addition of hydrochloric, sulfuric, formic, acetic and other 
acids lowered the temperature for instaneous haemolysis to 
18°—37°, while at the normal pH it is necessary to heat the blood 
to as high a temperature as 68° to produce the same effect. The 
same is known for ammonia (ARRHENIUS 1908). According to 
LEPESCHEIN (1910), the filaments of Spirogyra are killed by heat 
at a temperature which varies with external pH thus: 
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TABLE LXXV 


| Chloroplasts _ External cytoplasm 
Medi | 
oat | coagulate at 
Il 
MOEAl = eae ail 47.3° | 51.6° 
0.1% Na,0O,.... | 49.0° | 55.49 
0.1% citric acid. . . | 44.89 ) 46.0° 


In this case resistance is decreased by the addition of acid, and 
increased slightly by the addition of an alkali. The decrease 
of resistance on addition of an acid was confirmed by Kano (1924a) 
for cells of higher plants. Likewise MoLirarp (1925) reported 
that the acid reaction depresses the temperature at which certain 
cytological changes occur in Sterigmatocystis as a consequence of 
heating. The same holds good for bacterial spores, as observed by 
BicELow and Esty (1920), and for various bacteria in active 
form (B. CoHEN 1922). 

Thus it seems that at a definite pH, which is usually not too 
distant from the normal, the resistance is at its highest, and that 
it decreases both on lowering and on increasing the pH. The 
following table summarises the chief results: 


TABLE LXXVI 


Maximum | 
Species resistance | Authority 
at pH | 
Bacillus parathyph. B. . . 6—8 OxERSKOV 19254, b 
Bacillus anthracis, spores 8 | F. J. Murray 1931 
Clostridium tetani, spores 7 | F. J. Murray and HEADLEE 
| 1931 
Clostridium botulinum . fi | P. WeEIss 1921 
Bacillus anthracis . ; 7 | WirHwortH 1924 
Mammalian erythrocytes. 7 JODLBAUER and HAFFNER 
| 19204, b 
Paramaecium caudatum . . i—8.2 CHALKLEY 19304 
Euglena gracilis ..... | 5.0 | Jann 1933 


| 


On the other hand, the resistance of Dunaliella viridis, a 
flagellate, seems not to be modified by pH between 6—11 (Baas- 
Beck1nG 1930). Yet the value of pH at which the resistance to 
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heat-injury is highest, does not always agree with the optimum 
pH for the respective organism. For instance Bacillus anthracis 
shows maximum resistance at pH = 7.0, yet its development is 
optimal at pH = 7.8 (WirHwortH 1924). In Huglena the re- 
spective values are 5.0 and 6.6 (JaHn 1931, 1933). 


CHALKLEY (1930a, b) demonstrated that Paramaecium, when 
subjected to heat, is destroyed by coagulation when the me- 
dium is acid, and by bursting when the medium is alkaline. 


The temperature coefficient of heat injury, too, varies with 
the pH of the surrounding medium, as is clear from the figures 
of Orr (1918) on the killing of Bacillus pseudotetanicus: 


TABLE LXXVII 


Qio 
pH 
80°—90° | 90°—99° 
: | 
3.0 5.0 | 9.3 
4.3 | 6.3 8.9 
6.3 5.0 8.4 


6.6 6.8 8.3 


ARRHENIUS (1908) quotes from the work of Mapsen and 
collaborators that ammonia similarly modifies the value of yw for 
the velocity of heat haemolysis. 


(c) Action of salts 

M. Scuvirze (1863) suggested that the higher resistance to 
heat of fresh-water Actinosphaerium as compared with the sea- 
water species might be due to the action of salts, which would 
thus increase the sensitivity. De Vries (1871) showed that the 
resistance to heat in plants is decreased when the concentration 
of salts in the medium is raised. Yet more recent work tends 
to show that the action of salts is actually much more complicated. 
In this section the specific action of ions will be briefly summarised, 
while the osmotic effect will be discussed separately (X. 14, 9). 

Addition of salts to the medium regularly modifies the 
temperature optimum. The following table is taken from a 
paper by GreELey (19036) on the combined action of temperature 
and salts upon the degree of swelling of frog muscle in isotonic 


media: 
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TABLE LXXVIII 


eee 


Kua lee oe eq JNO 
Salt: a~4 | Na.SO,| NaCl KCl LiCl 
3 Kcr el MgCl | 
a 
Maximum degree | | 
of swelling re- | | | 
ached in 24 hrs. 
Cites oo eee Lye 21° 22° 249 | 23°—25% 27° 


The temperature optimum of the heart beat of the terrapin 
depends on the presence of potassium as follows (E. G. MARTIN 
1904): 

TABLE LXXITX 


Percentage of KCl in perfusion | 
OATS Sg eG te Gh So ee ears 0 0.03 | 
. (= eae | 


| 


0.08 | 0.11 


(HoMANIN TO BG Se Gen oe Sue >38° | 28° 

J.J. BouckarErRT, J.P. BovuckaERT and Noyons (1922) 
observed that the beat of a frog’s heart, stopped by the removal 
of calcium at an ordinary temperature, begins again spontane- 
ously on cooling to —2°. Very low doses of CaCl, produce the 
same effect, whereas with larger doses of the same salt the heart 
becomes more sensitive to higher temperatures than normally. 
There is thus an interrelation between the percentage of Ca and 
the temperature optimum, or, which is the same, between tempe- 
rature and toxicity of Ca. Experiments with KCl gave a similar 
result. According to Fr6uiIcH and Krerpu (1921), the heat 
coma of the heart of Palaemon develops at a lower temperature 
when the amount of magnesium is increased. 


RicHeT, BacnracH and Carpor (1925) reported that in the 
bacteria of lactic fermentation the temperature optimum is 
elevated by the addition of KCl. CHaLkiny (1930a@) saw in 
Paramaecium an increase in thermal resistance on the addition 
of Ca, and a decrease on the addition of K. Sodium chloride 
lowers the resistance of spores of Clostridium botulinum to heat 
(H. Wetss 1921). Calcium and iron seem slightly to increase the 
resistance of Bacillus subtilis (WILLIAMS 1928). Moxirarp (1925) 
demonstrated that potassium lowers the temperature at which 
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heat-injury occurs in Sterigmatocystis nigra. On the contrary 
it seems that in the flagellate Dunaliella viridis the thermal 
death-point is independent of the amount of NaCl in water, but 
is much lowered by the presence of Mg (Baas-BECKING 1930). 

From this standpoint it is important to compare a large 
number of various salts, in one and the same type of cells, as 
did Gros (1909), Kano (1921—1926) and Porr (19275). 

Gros worked with the red blood corpuscules of a rabbit, 
which he suspended in isotonic salt solutions and haemolysed 
by heat at 47.5°—52°. He found that the heat haemolysis was 
favored by ions in the following order: 


ato Ne = Me= Ki < Ca, Cl< S80, 
pote = Nara Kk <= Cs,~ Cl 80, 


At 52.5° the results were approximately the same, but for mag- 
nesium salts the sequence of anions was reversed (SO, < Cl). 

Kano used epidermal cells of various plants which where 
gradually heated, and the “‘coagulation temperature” was thus 
determined. As the rate of heating was uniform in all experiments, 
the temperature thus arrived at indicates the degree of thermal 
resistance. In Zebrina pendula, coagulation was favored by ions 
in the following order: Sr, Ba, Mg < Ca; Li, Na < NH,, K; 
SO, < citrate < acetate, tartrate < Cl’ < NO,’ < J’ < Br’ 
ONS . 

In general, anions are more effective in depressing the re- 
sistance than cations. The series of anions vary somewhat with 
the nature of the cation (KaHo 19246). The effect of various 
salts is, according to Kano (1926), connected with the rapidity 
of penetration of the respective ions into the cell. Easily pene- 
trating ions depress the resistance much more than do those 
which penetrate with difficulty. 

Port (1927 a), who studied the same question in Paramaecium, 
reached the same conclusion as Kano, namely that the effect 
of ions upon the resistance to heat is connected with their power 
of penetration into the cell, though the effect seems to be somewhat 
more complicated in Paramaecium than in plant cells (see 0h MW) 

Nobody has hitherto determined whether salts modify the 
numerical value of the temperature coefficient of heat injury. 
Yet it is easy to calculate from the data of Gros (1909) and of 
Port (19276) that this actually is so. From the figures of GROS 
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on haemolysis by heat the following values of m (in the 
Poropko’s formula, see X.5) are calculated: 


TABLE LXXX 


; ars ah Re 4 
Salt | MgSO, | MgCl, CaCl | Na,S0, Na 
my) | 130 | 930 | 252 | 260 | 282 


The temperature coefficient (m) increases thus in the following 
order: 
Mg <Ca<K<Na; 80,< (CL. 


From Port's results on Paramaecium it appears that the ions 
increase the value of m in the following series: 


Chlorides: NH, < Li < Mg < Sr, Ca << Na < K 

Nitrates: NH, < Sr <Ca < Na <Li<K 

Anions: S80, < Cl 
There is here a fair amount of agreement with the results calculated 
from GRos. 

(d) Narcotics. 

According to JostnG (1901) the cessation of protoplasmic 
streaming in Vallisneria by heat is delayed by the addition of 
0.125—1.0°%, of ether, the most efficient dose being that of 0.25%. 
Likewise LEPESCHKIN (1923d) reports that the heat resistance 
of Spirogyra is increased by very small doses of narcotics in the 
beginning of their action. Narcotics with a high dielectric power, 
as e.g. furfurol and nitrobenzol, exert a pronounced protective 
action. 

In the overwhelming majority of cases so far examined there 
is however a decrease of resistance. This was observed by KoEpPE 
(1903) for red blood-cells and ethylic alcohol, ether, acetone, 
chloroform and chloral hydrate (see fig. 63), by WINTERSTEIN 
(1905) for various animals and ethylic alcohol, by LepEscHKIN 
(1911) for epidermal cells of T'radescantia and ethylic alcohol, 
by NoTHMANN-ZUCKERKANDL (1912) for protoplasmic streaming 
in Vallisneria and ethylic alcohol, by HAFFNER (1920) for haemo- 
lysis and alcohol, by FrOutIcH and Krerpt (1921) for marine 


1) m is calculated from the periods of time necessary to haemolyse 
one half of the cells at a definite temperature in the given salt. 
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crustacea and chloral hydrate and alcohol, by HEImLBRUNN (19245) 
for eggs of Arbacia and Cumingia and ether, by B&LEHRADEK 
(19306) and BitEnRADEK and MELICHAR (19306, 1931) for cells 
of Helodea and chloral hydrate. According to the last metioned 
authors, chloral hydrate does not affect the duration of 
life of the sperm of sea- 
urchin at 27.7 °—33.3°, but 
shortens it at 37.5°—43.8°. 

BELEHRADEK and Mk- 
LICHAR (1931) also attempted 
to determine whether the 
addition of chloral hydrate 
affects the temperature co- 
efficient of thermal injury. 
Their experiments on leaves 
of Helodea and on sperma- 10% ; 7 i 7 Ob a 
tozoa of Arbacia showed that Fig. 63. Action of varied concen- 


this really is so, but the tration (abscissa) of certain narcotics 


coefficient was decreased in upon the temperature (ordinate) of 
pie a \ instantaneous haemolysis. Construct- 
the first case and increasec ed from data of Korppr 1903. 


in the other, so that no 
definite conclusion could be reached. Maybe this is due to the 
large difference in concentration of chloral hydrate used in the 


two sets of experiments. 


(e) Other chemical agents 


It is a well established fact that the thermal sensitivity of 
bacteria, yeast, bacterial spores, moulds, algae, etc. depends, 
within certain limits, on the chemical composition of the medium, 
the effect being due not only to electrolytes, but often to organic 
substances, like sugars, glycerine, etc. (THIELE 1896, SETCHELL 
1903, LeprscHKIN 1923d, AyERS and JOHNSON 1924, OERs- 
Kov 1925a,b, SHERwoop and FunLMER 1926, WILLIAMS 1928, 
Curzr 1930, Murray and Hwpapiee 1931; compare further 
BucHanan and Futmer 1928—1930, vol. II.). It seems that 
glycerine protects certain types of vegetable cells against heat 
destruction (THIELE, LepEscHKIN). It is further known that serum 
partly protects blood cells against haemolysis by heat (Gros 1909), 
but this effect is probably due to the partial injury of erythrocytes 
when they are transported from their normal medium into a 
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solution of electrolytes with no hydrophilic power, which would 
balance that of the protoplasm. R. B. Harvey (1924) suggested 
that the high resistance of thermal algae might be partly due to 
the presence of CO, and H,S in the medium. 

Tolerance to high temperatures is generally lowered by a 
decrease in the concentration of oxygen, not only in animal 
tissues (SANDERS 1914, A. G. MayeR 1917, THORNER 1920, LrB- 
BRECHT 1921, Evans 1921, BELEHRADEK 19306, etc.), but also 
in plants (L. Just 1877, Mack 1930). Oxygen is further necessary 
for recovery after heat-coma in certain cases (WINTERSTEIN 1902, 
1905, Bonny 1904). 

Various alkaloids, hormones, etc., as far as they are toxic, 
increase the sensitivity to heat (FROmLIcH and Krerpr 1921, 
BaRLow and SoLLMANN 1926). According to LEPESCHKIN (19234), 
any injurious chemical agent increases the degree of injury pro- 
duced by heat. 

(f) Mechanical injury 

LEPESCHKIN (1912) observed that freshly injured or deformed 
plant cells are less resistant to high temperatures than normal 
cells, but that they return to normal sensitivity after a certain 
time. Later the same author (1923d, 1924) examined this point 
more closely and found that mechanical treatment decreases the 
resistance of filaments of Spirogyra to heat. Normal filaments 
die at 44° in 340 seconds, while filaments which have been bent 
several times withstand only 100 seconds at the same temperature. 
A similar result was obtained with red blood corpuscules, normal 
and agitated. 

(g) Osmotic pressure 

From the observations of SCHMANKEWITSCH (1877) on 
crustacea it follows that resistance to heat is decreased when 
the osmotic pressure of the medium rises. For instance, Artemia 
salina, a crustacean well-adjusted to life in media of highly 
variable osmotic concentration, dies when the medium is too 
concentrated, but death may be prevented by lowering the 
temperature. Similarly Artemia is killed by too great a dilution 
of the medium, but again it is possible to keep the animals alive 
when the temperature is raised. 

The case of crustaceans however is somewhat special because 
of their ability to withstand important osmotic variations. For 
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other organisms and single cells the following rule seems to 
apply, that there is a definite osmotic concentration-point at 
which the thermal resistance is at its highest, and that resistance 
decreases on both sides of this point. This appears to follow on 
the one hand from the fact that hypertonic medium decreases 
the heat resistance of plant cells (pe Vrins 1871, LepEscHKrN 
1910) and of protozoa (Port 19276), on the other hand from the 
fact that a similar decrease of heat resistance is produced by 
hypotonic media in protozoa (Jacoss 1919), in eggs of sea-urchin 
(RunNstROM 1924), and in higher animals (Convoluta: GompEL 
and LEGENDRE 1928; Palaemon: FROHLICH and Krerpi 1921; 
Fundulus: J. LOEB and WasTENEYs 1912). 

According to EpHRrusst and NeuKomM (1927), there are two 
osmotic concentrations at which the eggs of Paracentrotus lividus 
show the maximum resistance to a high temperature, namely 
23 and 19.5 atmospheres, while the osmotic pressure of the normal 
sea water is 25 atmospheres. It seems thus that the highest 
degree of resistance does not always coincide with the natural 
conditions of the organism. 

More recently DOrtNG (1932) has found that a dehydration 
in hypertonic media increases the heat resistance in the ova of 
Fucus. 

(h) Radiations 

Heat plus irradiation, acting together, will produce a degree 
of injury which singly they will not produce. This was proved 
for ordinary light by Krusx (1895), THrELE and Wo tr (1907), 
R. WresNeER (1907) and others in bacteria, and by LeEPESCHKIN 
(1923d) in higher. plants; for ultraviolet rays by Bane (1901), 
THIELE and WOLF (1907) in bacteria, by Bovre and KiErn (1918), 
Bovig and Dawanp (1923) and Forses and Daanp (1923) in 
Paramaecium, by PoyntER and Moritz (1923) in the embryos 
of Limnaea, by MAcKEE and ANDREWS (1921) and others in the 
human skin; for X-rays by RHopENBURG and Prime (1921) in 
mouse sarcoma, by Dognon (1926) in the eggs of Ascaris, by 
Hawks and Ciark (1925) in human skin. The same rule applies 
also to corpuscular radiations, as stated by Pavitt and SULGER 
(1929) and by Dognon and Tsanc (1930) in the case of Bacillus 
pyocyaneus. But it was only in spores of Bacillus subtilis, that 
O. B. Witttams (1928) found that X-rays do not alter the normal 
response to high temperatures. 


200 CHAPTER X 


Bovir and Kiern (1918) demonstrated that exposure to 
ultraviolet rays actually sensitizes the protoplasm to heat, as 
there is no cumulative effect when Paramaecia are first heated 
and then irradiated (see also ForBEs and DaLanp 1923). Though 
the absorbed radiations are partly transformed into heat energy, 
the combined effect of radiation and heat thus cannot be conceived 
as simply cumulative. Bovre and KLEIN have moreover shown 
that Paramaecia may recover relatively quickly from the effect 
of irradiation and that within 5 hours they lose entirely the 
sensitivity thus acquired. 

An exceptional case is represented by the guard cells of 
the green plants, in which LerrcEs (1888, quoted from F. WEBER 
1926a), F. WEBER (1926a) and DOrRING (1932) demonstrated an 
increased resistance to heat when they are irradiated by light 
and when “‘open’’, whereas when they are “closed” in darkness, 
they are less resistant. The adjacent pair of cells behaves just in 
the opposite way (WEBER 19266). The explanation suggested by 
WEBER is that in functioning stomatal cells the pH of the cell- 
sap is shifted to a value which makes the cytoplasm more ther- 
moresistant, yet WEBER emphasises that this is not the only 
explanation possible, as it is known that light produces important 
colloidal changes as well. 


(i) Effect of density of organisms 

The first observation that an increased number of organisms 
in a given volume makes them more resistant to heat, is probably 
due to VON TRANSEHE (1913), who worked on Cladocerans, Further 
evidence is to be found in the bacteriological literature (BIGELOW 
and Esty 1920, H. Wxtss 1921, OnRsKoy 1925d, etc.). A systematic 
study of the phenomenon has been undertaken by BoHN and 
DrzEWINA (1926, 1928) in the sperm of the sea-urchin, with an 
analogous result. A similar observation has been made by 
W.C. Young (19296) in the spermatozoa of the rabbit and by 
JAHN (1933) in Huglena. 

Boun and DrzEwina suggest that “surface catalysis” might 
play a part in the resistance of cells to extreme temperatures, 
to variations of osmotic pressure, to poisons, etc., and OERSKOV 
thinks that bacteria form certain protective substances delaying 
the injury by heat. Yet it is better to leave the question open 
in the present state of knowledge, especially in view of the 
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fact that some authors have failed to confirm the phenomenon 
(WixLraMs 1928 in bacterial spores; Gompen and LEcGENDRE 
1928 in Convoluta). 


15. Internal factors modifying the effect of heat 


The action of supraoptimal temperatures is often different 
according to age and other internal conditions of the system. In 
this respect the action of high temperatures does not differ broadly 
from that of biokinetic temperatures or extremely low tem- 
peratures, whose effect has already been discussed from this 
standpoint (Chapter III, IV.9, VIII.7, IX.6). 


(a) Age 
It will perhaps be advantageous to summarise in tabular 


form the part played by age in the determination of the resistance 
to heat (Table LXXX1). 


TABLE LXXXI 
(Differences in heat sensitivity according to age) 


Organism More sensitive Rachanty 
stage 
“Bacteriophage. ... . young > old D’HERELLE 1926 
Bactemum cow 29... young > old J. H.Scnurrz and 
Ritz 1910 
Bacillus paratyphi B. . young > old OxErRsKow 1925) 
Streptococcus fecalis . As young > old C.N.and P. Starx 1929 
Bacterial spores... . old > young Cuick 1908 
Clostridium botulinum 
(spores) atae old > young H. Weiss 1921 
Bacillus mycoides (spores) young > old Macoon 1926) 
IMGSSESmmmns wee ete old > young Ewarr 1896 
Higher plants: leaves . young > very young, Sacus 18644 
buds > old 
Various plants, nuclei . | meristematic > adult Npmec 1909, 1910 
Calendula officinalis, root | young > old parts De Vries 1871 
Triticum vulgare, grains | old > young Munerati 1926 
Moina macrocopa (Clado- 
Gore een ewe. tse i old > young Terao and TANAKA 
| 1928 
Ancylostoma caninum. . | larvae > embryos McCoy 1930 
Anthonomus (Insect) . . | young > old forms Pierce 1916 
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Organism More sensitive | Authority 
stage | 
Stegomyia fasciata . . . larva > imago > Macrig 1920 
pupa > embryo 
Popillia japomea . . . larva > embryo > Lupwic 1928) 
imago > pupa 
Culee ..... .. . | larva > embryo, pupa,| De BotssEzon 1930 
| imago 

Anopheles subpictus . . } pupa > larva Prurtut 1931 
Pseudopleuronectes ameri- 

Camus. » . . 1 2 ss | adult > young Bartle 1926 
Salmo fario, embryos | young > older - ANDERSEN 19295, 1931 
Rana fusca, embryos. .— young > older Hertwic 1898 
Bufo lentiginosus, em- 

DEVGSy ac. amet | young > older Kine 1903 
‘Anures,) larvace ere | younger > older AMERLING 1908 
Rana butyrrhina. . . . || eggs > embryos Krocu 1914a 
Rana fusca, tadpoles. . | older > younger DrzewiIna and BoHN 

1921 

Lacerta agilis, embryos . | younger > older ~ | ANDERSEN 1929a, 315 
Chick oesophagus, | | 

rhythm . . . | younger > older | Buea 1911 
amplitude of contraction | older > younger | Bueria 1911 
Mouse ........] young > adult | Streve 1923 


Although it seems that in the majority of cases younger 
organisms are more sensitive to high temperatures than are more 
advanced, adult or old organisms, no genera] rule can be formulated 
as to the part played by age in the determination of heat tolerance. 
Such a rule might perhaps be formulated for a limited group of 
organisms, but certainly not for all organisms as a whole. 


(b) Sea. 

From the observations of L. A. Brown (1928) on the 
rate of killing of Cladocerans by heat it folows that, in this 
special case at least, sexual differences play no part in the resi- 
stance to high temperatures. Yet the point has not been studied 
enough to enable one to draw a more general conclusion. 


The action of heat upon sexual glands and upon their pro- 
ducts will be analyzed below (f). 
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(c) Various vital functions. 

It is a commonly known fact that various physiological 
processes in one and the same organism are often differently 
affected by heat. Plant physiologists were the first to observe 
that photosynthesis is much slowed by heat at temperatures at 
which the oxygen intake still continues (ScHiTzENBERGER and 
QurNquauD 1873). For further details of this phenomenon, 
repeatedly confirmed in many other vital functions, the reader 
is referred particularly to the work of Prerrer (1901—1904) 
and of Ptrrer (1911, 1927). 


(d) Regional differences 

It is less generally known that resistance to heat often varies 
in different regions of one and the same organ even when the 
cells are nearly alike. Various parts of the heart show a different 
degree of heat resistance, the ventricle being more susceptible 
than the auricle and the sinus (UNGER 1912, AMsLER and Pick 
1918, IsHra#ama 1926). Frog muscles develop heat rigor at a 
temperature which VERNON (1899) found to be different for various 
muscles. In the results of this author, however, there is a large 
margin of error, so that no definite conclusion is possible. But it 
was suggested by LanGENDORFF and GERLACH (1893) that in the 
frog the flexors are more easily injured by heat than the extensors. 
According to HAFEMANN (1908) the sensitive nervous fibres in 
the frog sciatic are injured by heat more readilly than the motor 
fibres. The temperature coefficient of heat injury is also different 
for different cells (see Table LX XII, p. 174). Ono (1928) demon- 
strated that various types of white blood cells in the rabbit are 
killed by 50° after an exposure of varying length: 


TABLE LXXXII 


| min. min. 
Pseudoeosinophiles .. . 30 Hosinophiles| 3) 3s. . 18 
Basophiless. .. - . .- - 27 Monocytes =. 2 2. - 14 
Small lymphocytes. . . 26 Large lymphocytes .. . 9 


F. WeBER (19256, 1929, 1932) has recently emphasised that 
cells of one and the same morphological type are often physio- 
logically unlike owing to differences in the chemical or colloidal 
constitution of their protoplasm. In fact, when a suspension of 
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cells of the same type, e.g. eggs, spermatozoa, red blood corpus- 
cules, bacteria, protozoa, etc., is exposed to a definite high tem- 
perature, they actually do not die all in one and the same moment, 
but in an orderly succession which has sometimes been expressed 
mathematically (X.4). It seems that an analogous rule holds 
good in multicellular organisms, in whose tissues, too, the single 
cellular elements do not die at the same time when subjected 
to a certain degree of heat. This point has been recently studied 
by BELEHRADEK and MeELicuar (1930) in the leaves of Helodea 
canadensis, in which the wave of injury proceeds from the base 


wee 


Fig. 64. The ‘wave of death’’ proceeding in a definite order from the basis 
to the apex in heated leaves of Helodea. Black space marks the dead cells. 
BELEHRADEK and MELIcHAR 1930a. 


of the leaf towards its apex, the cells near the axis and at the 
borders being more rapidly destroyed than the rest (fig. 64). It 
is noteworthy that the wave of injury by ether seems to proceed 
exactly in the opposite direction, as has been demonstrated in 
the same object by Mopmr (1932). 


(e) Malignant growth 

Some investigators were led by practical interests to study 
the resistance to high temperatures of malignant tumors. LAMBERT 
(1912) found that a sarcoma was quickly destroyed by 42.5%, 
while the normal tissue withstood 46° for 20 minutes. The in- 
creased sensitivity of malignant tumors as compared with that 
of normal tissue was further demonstrated by WESTERMARCK 
(1927) and MenpeL (1928), whereas FRrIEDGOoD (1928) failed to 
find any appreciable difference. The paper of FRrEDGooD also 
contains a list of the earlier literature. 
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(f) Germ cells 


Various observers have shown that in the most diverse 
organisms the tissue producing ova or spermatozoa is usually 
less resistant to heat than the rest of the body. Kocs (1911) 
stated that sexual reproduction in Hydra fusca can take place 
only at 10° and below, though asexual propagation normally 
occurs at a much higher temperature. It is known that relics 
of glacial periods, e.g. certain species of Planaria, etc., do not 
develop genital glands at a temperature higher than 10° (see 
STEMPELL 1926). Likewise in plants the phenomena of repro- 
duction show an optimum which is generally lower than that of 
the other physiological processes (KLEBS 1896; compare PFEFFER 
1901—1904). Mottiarp (1925) found that in Sterigmatocystis 
nigra no conjugation occurs at 36°—44°, although growth still 
continues. 

Many authors have tried to produce thermal castration 
experimentally in various organisms, and to determine at the 
same time which of the sexes is more susceptible. The object 
most studied in this respect is Drosophila, in which NorTtHrop 
(1919) succeeded in producing sterility by heat. His result was 
confirmed by PLoucH and Srrauss (1923), Youne and PLoucH 
(1926) and Gotpscumript (1929). The male gonad was found to 
be less resistant than the ovary. WzurTscut (1928, 1929) induced 
a heat degeneration of sexual glands in frog tadpoles (Rana 
sylvatica). The female gland was the less resistant in this case, 
so that by choosing an appropriate temperature, a regenerative 
process could be followed by which however testes formed instead 
of the original ovaries. At 32°, WirscHi obtained a stock com- 
posed only of males and intersexes, and entirely without typical 
females. The same author obtained similar results also in Rana 
temporaria (WitscHt 1915). As regards mammalian sexual glands, 
StIEvE (19234, b), C. R. Moore (1924, 1926), Moorr and Quick 
(1926), Crew (1926), Rosranp (1928) and BRUMMELKAMP (1933) 
found that testes are easily injured by an increased temperature, 
but according to STreveE (1923a), the ovaries of the common 
mouse seem to be still more susceptible. Streve# also points out 
that such changes are not necessarily to be interpreted as a primary 
effect of temperature upon the glands, but that hyperthermia 
may produce certain alterations of the body which in their turn 


may modify the gonads. 
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In Helix pomatia exposed daily to 40° for definite periods 
during several weeks, BANK (1931a) obtained a similar degeneration 
of the gonad which is bisexual in this case. No marked difference 
between the male and the female part of the gland could be 
established. Even when the periodic warming was continued, 
the gonad regenerated spontaneously, yet it assumed a somewhat 
abormal structure. 


The effect of heat on spermatozoa of various animals has often 
been studied (sea-urchin: J. LoeB 1908a, Bonn and DRZEWINA 
1926, 1928, B&iLEHRADEK 19306, BELEHRADEK and MELICHAR 
1931; — Nereis: Dunaay 1913; — mammals: STIGLER 1915, 
1918, AmMANTEA and KRzyzSKOWSKI 
1921; Youna 1927, 19294, b, etc.). 
According to J. Lors (1908 a), the 
spermatozoa of Strongylocentrotus 
purpuratus are more resistant than 
the ova. 


Most studies of the effect of heat 
upon the egg were performed in the 
sea-urchin ova, and the literature 
dealing with this subject has been 
to some extent discussed above (X.2, 
Table LXIX, X.5a, Table LXXI, 
xX. 6, X, 8, X. 12 X. IS 2k Tae 

further X.16/). The symptoms ac- 
Fig. 65. Mortal exposure companying heat-injury are modified 
(= y) to various temperatures sais = 
(= f°) in fertilized (empty by fertilization (KNarri- Lenz 1908, 
circles) and unfertilized(black J, LonB 1908a, EpHRusst and NEv- 
Saal bs Wanner KOMM 1927, EpHRussI and Parat1927, 
RUNNSTROM 1928a, TrrELtI 19306). 
Injury seems to take place earlier in the fertilized than in 
the unfertilized ova (KNarru-LEenz, RunnstrOM, EPHRUSSI 
and collaborators), but the exposure and temperature required 
to cause death seem to be the same in both cases (J. LOEB). 
Neither is the temperature coefficient of heat injury modified 
by fertilization (fig. 65). The ability to recover from heat effects 
in the case of sea-urchin eggs is lost by subsequent fertilization 
(TIRRELLI 19305). 
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16. Theories of injury by heat 


In the following paragraphs we shall review critically the 
theories hitherto propounded with regard to the mechanism of 
heat injury. 

(a) Coagulation of proteins 

The idea that the effect of heat upon living matter is to 
produce coagulation of protoplasmic proteins is the most popular 
of all and seems to be also the oldest. It is not easy to trace back 
its origins, but as early as 1864 SacHs quoted it as a current view. 
In the same paper some critical remarks against this view occur, 
notable among them being that there is a discrepancy between the 
“coagulation” point of proteins and the thermal death point 
of the protoplasm. In the years following and in the first decade 
of this century, the coagulation theory became the dominant 
view (SEMPER 1880, LewirxH 1890, Davenport 1897—1899, 
DAVENPORT and CasTLE 1896, THISELTON-DyzER 1899, ALcock 
1903, J. Lozs 1906, 1908a, ARRHENIUS 1908, CHicK 1908, BUGLIA 
1909, LEPESCHKIN 1910. 1911, 1912, Ptrrpr 1914, Kanrrz 1915, 
Groves 1917, and many others. For recent work compare 
H. Wetss 1921, Boviz and DaLanp 1923, Przipram 1923, WuRM- 
SER and JAquoT 1923, LEPESCHKIN 1923d, 1924, PoropkKo 19266, 
Brown and Crozier 1927, Port 1927b, WirtiamMs 1928; for 
details of the coagulation theory of heat-rigor in muscle: HALLI- 
BURTON 1887, VINCENT and Lewis 1901, VrooMAN 1907, v. FURTH 
1925, etc.). Many authors have spoken of the coagulative 
change in protoplasm as synonymous with coagulation of proto- 
plasmic proteins, which obviously is not correct. 

Among those who criticized the coagulation theory are SACHS 
(18642), L. Just (1877), Batzs (1908), Meras (19096), A. G. MAYER 
(1917), Roperrson (1920), Evans (1921), QUAGLIARIELLO (1923), 
HEILBRUNN (1924b), FAuRE-FREMIET (1925), PrerrreR (1929), and 
many others. 

Let us consider the similarity between the coagulation of 
proteins and the heat-injury of protoplasm. 

There are no doubt certain changes in the heated proto- 
plasm which may be called “coagulative’, among them being 
the appearance of granules, increase of viscosity and other signs 
which have been discussed in full in paragraph X.6. As regards 
the interpretation of such changes, usually two objections are 
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raised, namely (a) that the temperature at which protoplasm is 
injured by heat is much lower than that at which proteins coagulate, 
and (b) that practically all the coagulative changes are in the 
beginning reversible in protoplasm, but irreversible in proteins. 
Yet it should be noted that, according to certain conceptions, 
proteins slowly coagulate even at low temperatures and heating 
only hastens the process ( Ductavx 1898). Secondly, proteins 
may coagulate even at a moderate temperature in the presence 
of certain electrolytes, this type of coagulation being dependent 
on temperature as well. At any rate, the difference in this respect 
between proteins and protoplasm is only a quantitative one. As 
to the other objection, it must be noted that in certain proteins 
heat-coagulation is reversible and that the number of observed 
instances is increasing (CORIN and ANSIAUX, quoted by ROBERTSON 
1909, p. 144; Sprecet-ADoLF 1926; Mirsky and Anson 1929; 
PFEIFFER 1929). Some of these reactions are possibly of a similar 
type to that described by S. Rrycer (1890) in casein, which: in 
the presence of calcium forms at 70° a coagulum which is per- 
fectly reversible on cooling. Gray (1931) has recently claimed 
that such processes might take place in the protoplasm on heating, 
yet only when the reaction is alkaline. 


The numerical value of the temperature coefficient is unusually 
high, both in the case of injury by heat and in the coagulation 
of proteins. This striking analogy was pointed out by ARRHENIUS 
(1908, 1915), J. Lons (1908a), H. Catck (1908, 1910), Buerra 
(1909), LepEscHKrn (1912), Kanrrz (1915) and many others. 
There are however certain other chemical reactions which yield 
a similarly high temperature coefficient, e. g. action of hot water 
upon starch grains, which is connected with a Q,)5 = 57—83,900.000 
(LEPESCHKIN 19226, 1923.4). 

Low water content increases the resistance of proteins to 
heat (the older literature is quoted in DAVENPORT and CASTLE 
1896; compare further CutcK and Martin 1910, 19126, Leprscu- 
KIN 1924, LecomrE Du Noty 1930, etc.). Absolutely dry protein 
cannot be coagulated at all. Similarly it is known that a decrease 
in water content of living systems increases their resistance to 
heat, as has been demonstrated above (X. 14a). When however 


a living cell is dehydrated osmotically, the reverse effect is usually 
produced (X. 149). 
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It is commonly known that the change produced by heat in 
proteins involves two separate processes, namely (a) denaturation, 
a kind of hydrolysis, which cannot therefore take place in the 
absence of water, and gives a very high Qj; and (6) coagulation, 
agglutination or flocculation, which is a physical surface-pheno- 
menon, which requires the presence of salts and whose Qio is 
rather low. A dialysed solution of protein does not coagulate 
on boiling, but once boiled, it coagulates at a normal temperature 
on subsequent addition of electrolytes. For details the reader 
is referred to papers of CuicK and Marrtn (1910—1912) and of 
LEPESCHKIN (1922—1923), in which also the earlier work is dis- 
cussed. The participation of salts in the process varies not only 
with their amount and with their chemical nature, but also with 
the pH. At the isoelectric point the addition of salts does not 
seem to modify the temperature at which proteins begin to 
coagulate on gradual heating (Kakrucar and KoaGanetr 1922, 
J. H. CuarkK 1925a, 6, M.and S. P. L. SOrENsEN 1925). In acid 
reaction the salts accelerate coagulation, according to SPoHR (1888), 
in the following order: 

SO, < Cl < Br < SCN 
For the physical coagulation alone, LEPESCHKIN (1923c) recorded 
the following series: 
SCN < J < Br < Cl < tartrate < SO,, 
Kea NH, Nave Lis Me Bas2Al <= Ve 

When these data are compared with what is known on the 
action of salts in the heat injury of protoplasm (X. 14¢c), it is 
evident that these phenomena do not Jend much support to the 
coagulation theory. 

When the proportion of salts remains unchanged, the rule 
holds that proteins coagulate more easily when acid than when 
alkaline, the maximum of stability coinciding with the isoelectric 
point (CHicK and Martin 1910—1912; LeprscHKin 1922—1923; 
Kaxkiucut and Kocanet 1922; J. H. Chark 1925; SORENSEN and 
SORENSEN 1925, etc.). Living cells seem to behave in a similar 
way, as has been shown above (X. 146). Yet the experiments 
all deal with the pH of the medium only, and not with that of 
protoplasm. 

Narcotics lower resistance to heat both in proteins (LEPESCH- 
Kin 1910, 1924) and in protoplasm (see X. 14d), yet there seem 
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to exist two important differences. First there are certain nar- 
cotics which, on the contrary, increase the resistance of the proto- 
plasm to heat (LepescHKIN 1923d), and secondly narcotics in 
general do not seem to modify the numerical value of the Qyo 
in the case of coagulation of proteins (LEPESCHKIN 1924), but do 
modify it in the case of heat injury of living cells (see X. 14d). 

Bovie (1913) demonstrated that egg albumen is more easily 
coagulated by heat when previously irradiated by short rays. 
Similarly in living cells the action of heat is often increased after 
a previous irradiation, as we have already seen (X. 14h). But 
J.H.CiLark (1925a, b) has recently observed that proteins are sen- 
sitized to heat only after irradiation in an acid medium, whereas 
irradiation in an alkaline medium rather protects the protein 
against the subsequent action of heat. 

According to known facts, we may now conclude that the 
coagwation theory cannot altogether explain the mechanism of 
heat injury. Although death by heat at very high temperatures 
undoubtedly is a coagulation, it should be remembered that proto- 
plasm contains other substances besides proteins, and that injury 
by heat involves many changes which, especially at moderately 
high temperatures, cannot be conceived of as coagulative. 


(b) Heat destruction of enzymes 

TAMMANN (1895), Duciavux (1898—1899) and many later 
researchers demonstrated that enzymes in vitro, too, possess an 
optimum temperature of activity and are destroyed at a tem- 
perature which is usually close to the temperature maximum of 
living organisms. F. F. BLackMAN (1905) applied these facts to 
biology and was followed by numerous other workers (JosT 
1906, Ku1spER 1910, 1911, RureErs 1911, E. N. Harvey 1911, 
ARRHENIUS 1915, RoBertson 1920, etc.). Among those who 
raised objections against this idea were CoHEN- Stuart (1911), 
VAN AmsTEL and IrERsSON (1911a), Kanrrz (1915), Groves (1917) 
and others (compare further IT. 5). 

The most striking analogy between enzymes and protoplasm 
is undoubtedly their temperature optimum, beyond which the 
activity rapidly sinks. It must be however noted that many 
simple chemical reactions possess an optimum as well (ERRERA 
1896; Taytor, quoted by E.N. Harvey 1911, Kanrrz 1915, 
STERN 1925). Recently NicLoux (1928) found a typical optimum 
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curve in the spontaneous oxidation of glucose (fig. 66). It has 
been further pointed out by Puiu (1915) that colloidal systems 
in general must possess an optimum. 

Heating actually decreases the amount of enzymes in seeds, 
as was demonstrated by Lanvz (1927). D’Avanzo (1929) on the 
contrary found an increased percentage of certain enzymes in the 
mammalian skin, heated to 45°—46°. On the other hand it is 

easy to demonstrate that in dead tissues active enzymes still are 
present (GRoveEs 1917). 

The heat destruction of enzymes yields a high temperature 
coefficient and is retarded by exsiccation. In these two respects 
it closely resembles the destruction of protoplasm by heat, yet: 
with certain restrictions which are analogous to those mentioned 


coco’ 


Fig. 66. Spontaneous oxidat- 
ion of glucose in an alkaline 
medium, according to Nic- 4% 
Loux 1928. Abscissa: tem- 
perature. Ordinate: amount 
of CO produced per unit of 10 
time. — Note the optimum 
in the vicinity of 85°. 
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above in connection with coagulation of proteins (X. 16a). 
A further similarity between protoplasm and enzymes is that the 
optimum decreases with increasing time of observation (X. 1, 
X.4; for enzymes, compare DucLAUX 1898—1899, ARRHENIUS 1915, 
BERTRAND and Compton 1921, Berrizt 1919, Pantin 1932 etc.). 

In all other respects however there exist important diffe- 
rences between the destruction of enzymes and of the protoplasm 
by heat. 

The sensitivity of enzymes to high temperatures is modified 
by the presence of salts, as was first demonstrated by VERNON 
(1901) and later by many others. Yet no comparison with salt 
action upon the thermal resistance of the protoplasm can be 
made, the results being widely different in enzymes and in proto- 
plasm. Certain salts protect enzymes against heat-injury, while 
in living systems such cases are extremely rare. 

Likewise there are important differences in the action of 
hydrogen ions on the heat destruction of enzymes on the one hand, 
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and upon that of protoplasm on the other. Enzymes usually 
show a maximum resistance to heat at a definite pH, which is 
often far below or above the optimum pH of activity (ERNSTROM 
1922, 1923, Ss6peRG 1922, PrycussEN and Oya 1929, etc.), while 
the protoplasm is most thermo-resistant at a pH which more or less 
coincides with the neutrality point (see p. 192). The tem- . 
perature coefficient of the destruction of enzymes by heat often 

depends on pH (EvLEeR and Laurin 1919, Ss6pERG 1922, etc.), ° 
but no serious comparison is possible with the analogous pheno- 

menon in living cells (X.145), because in the latter case only 

the external pH is known. 

Ethyl alcohol accelerates the destruction of emulsine by 
heat (OLIVE 1931), the medium concentrations (30°—70%) 
being more efficient than the low and high ones. It is evident 
here also that the enzyme differs greatly from the protoplasm 
(X. 14d). 

Although opinions on the reversibility of the heat inactivation 
of 2nzymes are largely at variance, it seems that under certain 
conditions a partial reversibility is possible, especially when the 
destruction is not too advanced (Miyake and [To 1923—1924, 
Norrurop 1932). At any rate the reversibility is much slower 
and more incomplete in enzymes than in protoplasm. 

It may thus be concluded that present knowledge lends 
only little support to the idea that the heat-destruction of enzymes 
is the primary cause of injury of living systems by heat. Further- 
more, the notion does not explain such symptoms of heat-effect 
which have nothing to do with enzymic action, e.g. change in 
permeability. 

For a more detailed documentation of the discussed pro- 
perties of enzymes the reader is referred to special monographs 
by Bayttss (1925), KuHn (1924), OPPENHEIMER (1924), E. Stern 
(1925), HALDANE (1930), ete. 


(c) Asphyxiation theory 
The effect of high temperatures is similar to the effect of 
absence of oxygen in that, after a short period of excitation, it 
paralyses the vital activity first temporarily and then permanently. 
This analogy, which of course should be extended to narcotics 
as well, led WINTERSTEIN (1902, 1905) to formulate the hypothesis 
that injury by heat is caused by asphyxiation. According to this 
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view, rising temperature increases metabolism and thus the need 
of oxygen, but the oxygen supply can no longer keep pace with 
the demand chiefly because owing to warming, the power of the 
medium to absorb oxygen is decreased. This view, shared by 
VERWORN (1914) and others, is supported by certain facts. First 
we have already seen (X. 14) that the absence of oxygen actually 
lowers the resistance to heat in many living systems. Secondly 
it has been demonstrated by WinTERSTEIN (1902, 1905) and 
Bonpy (1904) that oxygen is necessary to the process of recovery 
following overheating. 

Yet there are also certain facts which do not lend support to 
WINTERSTEIN’S hypothesis. Anoxybiotic organisms are killed 
by heat almost as easily as oxybiotic organisms. The heart of 
Limulus beats for 12 hours and more in the absence of O,, but 
it is quickly paralysed by a temperature of 32°—42°, as was 
' demonstrated by Cartson (1906). BABAx and his pupils were the 
first to bring together certain observations in opposition to the 
asphyxiation theory. Rana fusca is more resistant to the absence 
of oxygen than R. esculenta, but the former is paralysed within 
three minutes at 35°, the latter at 40° (BABAK 1907). In tadpoles 
of R. esculenta and of other anurans sensitivity to lack of oxygen 
increases with age, whereas sensitivity to heat decreases (AMER- 
LING 1908; see further BABAK and RoéExk 1909). LOHNER (1913) 
studied the resistance to various agents in ciliates, which he 
ranged in series according to their increasing sensitivity. These 
series are widely different for resistance to heat, asphyxiation and 
narcosis. 

Even if the asphyxiation theory cannot interpret all the 
phenomena of heat injury, it must be conceded that in a low 
oxygen tension, and in living systems with a high demand of 
oxygen, moderately high temperatures produce paralysis or death 
by asphyxia. For other cases, however, asphyxia is not the 
determining agent, because death is produced by some other 
factors before asphyxia can develop. 


(d) Intoxication theory 
The fact that heating accelerates various chemical processes 
to a different degree, and that equilibria in general are modified 
by temperature, has led some investigators to postulate that 
similar changes, which possibly occur in protoplasm at higher 
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temperatures, are responsible for heat injury. This idea has once 
been formulated as the assumed change in protoplasmic equilibria 
(Sacus 1864a, Demo~i and Srront 1909, GOLDSCHMIDT 1920, 
Bovie and Datanp 1923, Faurt-FremieT 1925, H6ser 1926, 
LOHNER 1930 etc.), again, as the assumed poisoning of the system 
by changed metabolic products, chiefly acids, or by a change in 
concentration of the normal metabolic products (BALLs 1908, 
Mercs 1909a, 6b, A. G. Mayr 1917, etc.). 


Such changes actually take place, as has been sufficiently 
demonstrated (X. 10). Yet the question again is whether such 
changes can be made responsible for heat injury in general. In 
considering that at very high temperatures the system is destroyed 
with a velocity which would scarcely allow of an accumulation 
of metabolic products up to the toxic effect, the theory is pro- 
bably valid only in the zone of moderately high temperatures, 
as in the case of the asphyxiation theory. There is a further 
analogy between these two ideas, namely that asphyxia itself 
leads to an accumulation of acid products in the protoplasm. The 
fact that a decrease of activity may often be observed before any 
structural changes take place in the cell (X. 11), speaks again 
in favor of these theories. 


(e) Lipoid liberation theory 

The increasing degree of importance attributed to lipoids in 
the constitution of cells gave rise to the idea that the effect of 
heat upon protoplasm is due to some change in the physical state 
of lipoids. Korppr (1903) interpreted haemolysis from heat as 
a “melting” of lipoids contained in the superficial layer of red 
blood-corpuscules. Rywoscu (1911), like Korprn, spoke of the 
“melting point” of erythrocytes and studied its relation to the 
action of lipotropic substances, e.g. saponin. H. Meyer (1909) 
attributed to lipoids a similar part in the determination of heat- 
coma. The idea was recently generalized by HEILBRUNN (19246, 
1928) and Faur&s-FRemrer (1924, 1925), who showed that ex- 
posure to supraoptimal temperatures actually produces changes 
in the lipoid constituents of protoplasm. According to LEPESCHKIN 
(1924, p. 167), lipoids are necessarily liberated from their com- 
bination with proteins, when the latter begin to undergo denatu- 
ration by heat. Similarly Faurt-FRemrer (1924, 1925) maintains 
that the protoplasm is a heterogeneous system in metastabile 
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state, 7.e. in a state of untrue equilibrium, which passes into a 
true equilibrium on heating beyond a “critical” temperature. — 
These concepts, which are the result of modern experimental 
study, recall those of Sacus, who in 1864a supposed that the 
normal properties of living matter are based on equilibria between 
multiple “‘molecular forces’, as he expressed it, and these are 
broken by any external force of sufficient strength, e.g. by a 
high temperature. 


Loss of permeability by heat, heat-haemolysis and especially 
certain directly observed changes in lipoid constituents of proto- 
plasm lend much support to the lipoid theory. All these phenomena 
have been analysed in detail above (X. 6f, g, X. 9) and need not 
be discussed here. The action of narcotics in conjunction with 
heat has been claimed by Koxrppr (1903) and more recently by 
HEILBRUNN (1920, 19246) in favor of the lipoid theory, but this 
argument loses much of its weight by the fact that e.g. ethylic 
alcohol accelerates not only the heat coagulation of protoplasm, 
but also that of proteins and enzymes (see above, X. 16a, b). The 
strongest support to the theory, however, is provided by the fact 
that there is a clear-cut relation between the heat resistance 
of organisms and the melting-point of their protoplasmic fats 
and phosphatids. This point, emphasised by Rywoscu# (1911), 
HEILBRUNN (19246) and BELEHRADEK (1931a), will be discussed 
in the next paragraph in connection with the mechanism of 
thermal adjustment. 


(f) Relative value of the theories discussed 


With the advancing study of heat injury it becomes more 
and more obvious that the effects of high temperatures upon 
living systems are so complex that no theory could venture to 
reduce them all to a uniform basis. It must be assumed that 
any of the mechanisms suggested by the theories just discussed, 
may become under certain conditions the primary factor in the 
determination of death by heat. In this respect the action of 
heat is somewhat analogous to the action of frost (VIII. 4). It will 
not be out of place to give here some facts which seem to lead. to 
such a view. 

It has often been observed that the morphological and other 
changes produced by heat-injury are different according to the 
temperature applied. Knarri-Lenz (1908) observed that in the 
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egg of the sea-urchin swelling and cytolysis occur at 42°—52°, 
while on the application of higher temperatures the eggs coagulate 
without changing in volume. The same phenomena have been 
studied more recently by Runnstrrom (1924, 1928a, 6) and 
Horsvapivs (1925) on the same object, and by HOrsraprus (1923) 
on the eggs of an annelid, Pomatoceros triqueter. It seems that 
the temperature above which the cytoplasm coagulates, is sensibly 
higher in unfertilized eggs (RUNNsTROM). It is similarly known 
that heat hemolysis occurs at not very high temperatures, while 
at very high temperatures haemoglobin has no time to escape 
because of rapid coagulation. When an isolated muscle is gradually 
heated, several contractures develop at definite temperatures 
which, according to earlier researchers, agree with the coagu- 
lation temperatures of proteins extracted from the muscle. It 
was however demonstrated by Scarrrp1 (1913) that no such 
agreement between the two coagulation temperatures actually 
exists, and that the successive heat contractions are probably 
caused by different processes. 

As has been pointed out by BELEHRADEK and MELICHAR 
(1930a, 1931), the temperature coefficient of the length of survival 
in various living systems is low for moderately high temperatures 
and higher for very high temperatures, and there is often a break 
in the temperature-time graphs (see fig. 67) in the neighbourhood 
of 35°—45°. Hence the conclusion of the authors that at least 
two separate processes are the cause of injury by heat at various 
temperature intervals. We have seen in Chapter IV (IV.3, IV. 4), 
how dangerous it would be to draw similar conclusions from the 
mere external aspect of graphs and their respective constants. 
The fact that the same differences in temperature coefficient and 
the same “‘breaks” are obtained with any of the current formulae 
discussed in X.5, lends some support to the view of the authors, 
which without the morphological observation mentioned above 
and without additional experiments on the part of the authors 
(19306, 1931) on the combined action of heat and narcotics 
upon animal and plant cells would of itself appear rather vague. 
These experiments, already quoted in another connection (X. 14d), 
demonstrated that the action of chloral hydrate is actually different 
at various ranges of temperature, as regards the depression of 
the resistance to heat and the numerical value of the temperature 
coefficient. Likewise Porr’s (1927b) results on Paramaecium 
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seem to support such views. This author found that salts, which 
permeate slowly into the cell, accelerate death by heating below 
40°, but retard it above this temperature. | 

More data will be necessary before the part played by various 
processes which are assumed by the enumerated (a—e) theories, 
can be formulated in a clearer and more general way. 


40 12 14 16 18 log i°20 
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Fig. 67. Several examples of “breaks”? in the time-temperature graphs 

drawn as required by Poropko’s equation. Constructed from data of 

Procunow 1914 (pupae of Vanessa urticae), ONo 1928 (mammalian leuco- 

cytes), COLLANDER 1924 ( Beta), BELEHRADEK and MELICHAR 1931 (Helodea) 
and Groves 1917 (dry wheat grains). 


17. Thermal adaptation 


Apart from organisms which are exceptionally heat-resistant 
in a dry or semi-dry state and in which resistance is probably 
maintained chiefly by the low water content (X. 14a), there are 
numerous differences in the resistance of organisms in a normal 
state. Such cases obviously cannot be understood in the same 
way, neither can it be admitted generally that the differences in 
resistance are due to differences in the composition of the medium, 
though this factor is sometimes important (X. 14b—e). 

Tt is known that unicellular organisms may become adapted 
to an abnormally high temperature, as was demonstrated by the 
well-known experiments of DALLINGER (1887) on flagellates, and 
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by numerous culture experiments on bacteria (see, e.g., DIEU- 
DONNH 1894, Prerrer 1901—1904, Macoon 1926, WiLLLaMs 1928, 
etc.). Likewise Paramaecia are able to adapt themselves to heat 
(MENDELSSOHN 1895, Jacops 1919, MicHELsoNn 1928). Isolated 
organs, too, sometimes present signs of an adaptive change 
which often takes place during the experiment itself (frog nerve: 
SanpERS 1914, THORNER 1920; human leucocytes: MADSEN, 
Wouter and WaraBikr 1919). It is less surprising that whole 
higher organisms often modify their resistance to heat. when 
gradually accustomed to it. This was demonstrated by DAvEN- 
port and CASTLE (1896) in tadpoles, by J. Lozs and WASTENEYS 
(1912) in Fundulus, by SCHAEFER (1921) in certain medusae, by 
SAYLE (1928a, b) in certain insects, etc. 

In some cases thermoresistant organisms appear at once as 
new mutants. Thus Hance (1915, quoted from JAcoss 1919) 
obtained a stock of Paramaecium caudatum, which differred from 
the normal breed by having three contractile vacuoles instead 
of two, and by an increased resistance to high temperatures. 
Woop and Banta (1926), BAnTA and Woop (1927) demonstrated 
a new thermoresistant and thermophilic mutation of Daphnia 
longispina. Ricnwer, BacHrRacH and Carport (1925) suggested 
that the presence of KCl produces a hereditary increase of the 
temperature optimum in Bacillus acidi lactici. 

In some isolated instances resistance to heat seems to be 
associated with the special biochemical constitution of the 
organism concerned. Thus thermal algae are characterised by 
the lack of catalase (R. B. Harvey 1924). Thermal bacteria 
without chlorophyll are more resistant than the thermal green 
algae, as pointed out by SeErcHEeLt (1903), and the same 
difference seems to exist between the green and colourless parts 
of higher plants (DE Vrims 1871). Yet observations on such a 
limited group of organisms cannot serve as a basis for more 
general speculation. 

The general cause of resistance to heat has been looked for 
in various properties of protoplasm. Extant literature on this 
subject has been recently summed up by BeiLEHRADEK (1931 a) 
and it will suffice here to give a succinct extract. 

It appears that in organisms in an active state there is no 
simple relationship between thermal resistance and the amount of 
water in the protoplasm. Higher temperatures tend to depress 
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the degree of hydration of living systems, but it is not certain 
whether such an effect is associated with an increased resistance. 
Earlier results on coagulation of proteins seemed to show that 
the coagulation temperature of proteins is parallel to the thermal 
death-point of a given organism, but the more systematic studies 
of Kryz (1907) demonstrated that this is not the case in reality. 
The question whether enzymes adapt themselves to a change in 
temperature, has been answered in the negative by the recent 
- investigations of Lurprotp (1929, compare further PANTIN 
1932). 

Among the general chemical constituents of living matter only 
fats and phosphatids undergo important changes when the 
temperature at which they are produced is varied. We have 
discussed this point closely in Chapter V (V.3), to which the reader 
is referred for details and figures. It is a general rule, now well 
established for various lipoids of animal and vegetable origin, 
and supported also by thermodynamic arguments, that the 
melting point of fats and phosphatids varies in accordance with 
the temperature at which they have been formed. Rywoscu 
(1911), experimenting on various mammals, established a definite 
relationship between the sensitivity of red blood cells to heat 
and the melting point of the fats. The higher the melting point 
of the fats, the higher the temperature of instantaneous hae- 
molysis. HEImlBRUNN (19246) and BELEHRADEK (1931a) have 
enlarged this idea upon the thermal resistance of organisms in 
general, and suggest that the melting point of the protoplasmic 
lipoids determines the resistance to heat. This apples however 
only if moderately high temperatures are involved which do not 
cause coagulation of proteins. The most important results in 
regard to this theory are those of TeRRorne, HarreRER and 
Roeruric (1930), which showed definitely that temperature 
modifies the chemical constitution of protoplasmic fats and 
phosphatids, and not only that of reserve fats. The fact that 
the temperature coefficient of vital functions in general increases 
with the temperature to which the species in question is adapted, 
lends further support to this view. This point has already been 
discussed in paragraphs III. 15 and IV. 97, where the probable ex- 
planation is given, namely that increased temperature, at which 
the organism develops, produces an increase of the melting point 
of lipoids, resulting in an increase of their consistency and a 


220 CHAPTER X. INJURY BY HEAT AND HEAT RESISTANCE 


consequent increase in protoplasmic viscosity. Likewise the 
phenomena of chilling (LX. 8) may be interpreted on similar lines. 
Thus the theory of the participation of lipoids in the action of 
temperature in general connects the following phenomena: 
(1) chilling, (2) heat injury, (3) heat resistance, (4) increase of 
temperature coefficients of vital functions with thermal adaptation, 
and (5) modification of chemical constitution of lipoids with 
temperature. 


CHAPTER XI 
STIMULATIVE EFFECTS OF TEMPERATURE 


1. General © 


Apart from the phenomena analyzed in the foregoing sections 
of this monograph, there are many other types of biological 
temperature actions which are commonly denoted as stimu- 
lative. Thus organisms performing thermotactic, thermotropic 
and other movements are excited by temperature. Seeds may 
also be induced to germinate by temperature variations. Sudden 
changes of temperature may produce temporary inhibition of 
protoplasmic streaming, heart-beat, etc. 

Although one understands the difference existing between 
such phenomena and the other kinds of temperature action 
previously discussed, it is extremely difficult to draw a sharp 
line between direct and stimulative effect of temperature. Certain 
authors (e.g. LEFEVRE 1911, p. 243, BroeMsER 1927) consider 
every change produced by temperature as stimulative, yet it 
seems preferable to reserve the term to phenomena which occur 
as a consequence of a temperature change, usually rapid, and 
which are not primarily dependent upon the degree of temperature 
applied, and cannot thus be predicted as the simple acceleration 
or retardation of vital processes due to rising or falling temperature. 
These phenomena must be dealt with together with the stimu- 
lating effect of short exposures to extreme temperatures. 


2. Protoplasmic streaming 


Temporary acceleration, slowing or cessation of the streaming 
of cytoplasm in plants with a sudden change in temperature was 
first described by DuTRocHer (1837) and later confirmed by 
Hormetster (1867), H.pE Vries (1870), Hauprrieiscu (1892), 
Kiem (1895), HOrMAnnN (1898), Jostne (1901), Ewart (1903) and 
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others. VELTEN (1876) failed to observe such an effect in Helodea 
and Vallisneria, although HauprrLerscH and JosrnG observed 
this in the same objects. More recent studies of the phenomenon 
are those of LAMBERS (1925), S. F. Cook (1929) and Romisn (1931). 

The intensity of the effect produced depends on many vari- 
ables, in the first place the extent and rapidity of the temperature 
change (HAvpTFLEIScH, S. F.Cook). Both raising or lowering of 
temperature in certain cases produces the same effect, as was 
described by HAuprrLEIscH, but in other cases the effect is not 
the same with sudden warming as with sudden cooling the 


Fig. 68. Velocity (v) of 
protoplasmic streaming in 
Nitella subjected to variat- 
ions in temperature. <Ab- 
scissa: time. Ordinate: ve- 
locity (left side) and tem- 
perature (right side). Full 
line: velocity of streaming. 
Dash-line: temperature. — 
Note the course of the spon- 
taneous return to streaming 
after a complete cessation 
at 18 hrs. 26 min. 
(BELEHRADEKR). 


0 
15 16 17 18 19 hours 20 


‘same number of degrees. Thus Jostne observed in Vallisneria 
a temporary acceleration of protoplasmic streaming on cooling 
from 20° to 6°, and a retardation on heating from 6° to 20°. On 
the other hand, HORMANN and Romisn saw in Helodea and in 
Nitella respectively that over the same range of temperature, 
cooling was more effective than warming. 

As to the sequence of these phenomena, JostnG observed 
that in Vallisneria a change from 1.5°—3.0° to 20° produces 
first complete cessation, followed by a short period of slow stream- 
ing, then after 15 minutes a period of increased velocity, which 
after further 15—20 minutes was again decreased. The velocity 
returns to its normal only after 6 hours. The hitherto unpublished 
data of BELEHRADEK (Fig. 68) however indicate a much simpler 
course, and LAmBErs, who worked with Nitella mucronata, 
likewise observed a return to normal velocity within 10—20 
minutes. 
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S. F. Cook, working with Nitella clavata, demonstrated that 
the effect is independent of the temperature attained, but depends 
on the extent of temperature change. The effective exposure 
to cold is surprisingly short, only half a second being required 
to arrest streaming in cells cooled from 35° to 10°. The return 
of streaming is much slower and it demands a longer interval 
of time, the shorter the exposure to cold. This is explained by 
the assumption of the author that the recovery process starts 
at the temperature at which cessation took place. The tempe- 
rature coefficient of this process is low (Qj) = 1.45—1.51). 

The intimate mechanism of the phenomena discussed here 
is not known and it must be supposed that it is the same as the 
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Fig. 69. Percentage of cells 

(ordinate) of Nitella which 

have remained unaffected 60 

by a sudden transfer to a 

low temperature (abscissa). 

Constructed from data of 
S. F. Coox 1929. 20 


mechanism of excitability in general. In support of this view, 
Umratu (1930) has found in Nitella mucronata that an electro- 
positive wave originates on sudden cooling and that the potential 
returns slowly to the normal value when the cells are subsequently 
warmed. The phenomenon takes place even on slower temperature 
changes and is polyphasic (UMRaTH 1934). Jostna (1901) observed 
that the addition of ether depresses the sensitivity of protoplasm 
towards sudden temperature changes. 

Individual differences between single cells have been studied 
by S. F. Cook (1929) in Nitella clavata. His results are summarised 
by the following figures: 

TABLE LXXXIII 


Temperature to which the cells were 
| 
transferred from 20° ie LOSS 


1% 2 ‘ 3 6 () 
0% of affected cells. .-.-+-- | 9 | 18 23 65 | 10 


The graphical representation of these figures (fig. 69) ae 
a sigmoid curve rather than a simple one as drawn by Cook, 
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because in such cases the sigmoid graph is another expression 
of the normal curve of variability (see X. 4). 

In many other types of vegetable cells which do not show 
cytoplasmic streaming, temperature stimulation is known to 
produce protoplasmic nodosities, clumps, protrusions, ete. 
(See LunpEGARDH 1922, p. 267.) 


3. Other motor functions 


Zoospores of various algae are temporarily immobilized by 
a sudden variation of temperature, as was first demonstrated by 
STRASSBURGER (1878). A sudden cooling produces, according 
to PirrrrR (1900), a temporary acceleration of the ciliary move- 
ment in Stylonychia. Frog muscle contracts with any sudden 
thermic change and JENSEN (1909) thinks that all contractile 
substances react in the same way. 
The rhythmical movements of higher organisms are often 
equally sensitive to rapid variations of temperature. Thus 
E. N. Harvey (1911) observed a reversible acceleration of pul- 
sations in the medusa, Cassiopea xamachana, and since CYON’s 
- (1866) researches it has been known that a frog’s heart reacts 
to sudden cooling by irregular or wormlike movements, accom- 
panied by arhythmia or even ending in a reversible cessation. 
The similar anomalous response of the heart to temperature was 
often described as the “thermal paradox” of the heart and may 
sometimes attain such a degree as to make it quite impossible 
to study the temperature coefficient of the heart-beat. For de- 
tails of this special point the reader is referred to the papers of 
PLATEAU (1880), Koc (1917), Linprecut (1921), GAarTKIEWICz 
(1926), Mancoupn (1926), PoTonts& (1926), Mac ArrHUR and BatL- 
LIE (19296). Similar irregularities of rhythm, due to sudden cooling, 
were demonstrated in pieces from the arteries of the calf by 
Curist (1929). It is however to be noted that in organs which 
possess nervous elements, as e.g. the heart, the effect of sudden 
temperature changes upon the rhythm may be secondary. The 
same seems to apply to the contraction of chromatophores in 
certain fishes on rapid changes of temperature. This phenomenon 
has been recently studied by D.C. Smirx (1928), whose paper 
includes a review of the earlier literature. 
As to the motor functions of plants, WALLACE (1931) noticed 
a reversible checking of reactivity in Mimosa on sudden cooling 
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or heating within the biokinetic zone. It is further known from 
the investigations of SENN (1908) that extreme temperature 
variations cause a reversible contraction of chloroplasts in 
plants. 

4. Nervous system 


The various thermo-sensory organs in various organisms, 
and the mechanism of their action, lie outside the purpose of 
this monograph and cannot be discudded here. Suffice it to note 
here that, apart from such special nervous organs, the nerves in 
general are excitable by temperature variations, when these are 
rapid enough. RosEnTHAL (1864) noticed muscular twitches 
in the region supplied by the ulnar nerve in man, when the elbow 
was suddenly immersed into ice-water. For further information 
special articles should be consulted (BROEMSER 1927). 


5. Thermotropism 


It would also lie outside the scope of this monograph to 
discuss here the mechanism of thermotropic response. There 
appeared recently, moreover, a special treatise devoted to the 
subject (M. Rosse 1929). Still it may be of more general interest 
to know that the discriminating power of the thermotropic orga- 
nisms may be very high. MENDELSSOHN (1895) estimated that 
Paramaecium can react to a difference of only 0.01° between 
the two opposite sides of its body. 


6. Stimulation of metabolism 


The stimulating effect of variations in temperature has been 
often observed in diverse metabolic processes. The production 
of oxygen in plants is temporarily arrested after a sudden transfer 
from the cold to room temperature, as was found by Ewart 
(1896) and more recently by BrLsaKorr (1930). Similarly the 
rate of respiration in plants is temporarily increased under such 
conditions (PALLADIN 1899, ZALESKI, quoted by IJRaKLINOW 
1912; E. F. Horxrys 1924, Boruscu 1928, Hin 1929). In animals 

such thermic stimulation of metabolism has been rarely observed 
and when it occurs, it may be due to some nervous mechanism. 
Yet Bavprn (1932) recently found that sudden temperature 
variations stimulate O,-consumption in the gold fish, Carassius 
auratus, and that deep narcosis does not abolish the response. 
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7. Bioelectric currents 


We have mentioned above (XI. 2) that a stimulation of Nitella 
by a rapid or even slow temperature change gives rise to an action 
current (UmratH 1930, 1934). Likewise Lunp and Moorman 
(1931) have observed an increase of potential difference in frog- 
skin immediately after a change in temperature. 


8. Thermic parthenogenesis 


Morean (1900) was first to observe that sea- urchin eggs 
may be activated by a low temperature, and DeLace (1901) 
found the same for supraoptimal temperatures. According to 
GREELEY (1902c, 1903a), an exposure to 4°—7° for several hours 
brings about activation in the 
eggs of the starfish (Asterias for- 
besit). There seems to be an 
optimal length of exposure, outside 
which the percentage of activated 
ova rapidly falls (fig. 70). On 
the other hand, R. S. LIL 
(1908) obtained artificial partheno- 
genesis in the same organism 
on application of 35°—38° for 
20—70 minutes. With a higher 
temperature a shorter exposure 
ry mare sufficient. LiInuikz’s data 

Fig. 70. Variation in the sensi- noe i Sing ig oe ete A 
tivity of eggs of a starfish to PORODKO (X.5d) and yield an 
a low temperature (+4°), ac- m = 14.8, i.e. of the same magni- 
spre A ast nee ewaae tude as in heat-injury (see X. 5). 
Ordinate: percentage of ova That the tendency to thermic 
activated by that exposure. parthenogenesis is not restricted 
to the group of echinoderms, 
was demonstrated by Just (1915), who obtained analogous 
results in an annelid, Nereis virens, and by Kourzorr (1932), who 
induced parthenogenesis by heat in ova of Bombyx mori. 

Certain types of activation, which perhaps may be compared 
with parthenogenesis, occur likewise in plants on application of 
higher temperatures. Thus Kreps (1896) succeeded in activating 
oogonia of Vaucheria by heat and the same author observed that 
the zoospores of Protosiphon, which otherwise conjugate, ger- 
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minated without conjugation at 25°—279, Similarly NaTHANSOHN 
(1900) described a spontaneous segmentation of ova in Marsilia 
when exposed to a supraoptimal temperature. According to 
SHIBATA (1902), endospermic nuclei begin to divide in Monotropa 
uniflora on application of slightly supraoptimal temperatures (28°). 


9. Activation of other reproductory processes 


It was observed by GREELEY (1902a) that Stentor, kept 
at 25°—28°, proceeded to divide rapidly before dying. When the 
animals were transferred to a lower temperature, the process of 
division, even when it had begun, was reversed. The same author 
(19026) described a division with simultaneous formation of 
spores in Monas when kept for several days at +1°. That rapid 
changes of temperature induce formation of cysts, is sufficiently 
known from the researches of R. HERtTwice (1903), E. F. ADoLPH 
(1929) and others. 

Fertilized eggs of certain animals do not develop unless pre- 
viously cooled on ice for a definite period. This is known for the 
eggs of Branchipus (BRAUER 1877) and for the winter eggs of 
Apus (see GREELEY 1903a@). Similarly the statoblasts of certain 
bryozoa behave in an analogous way. Likewise the spores of 
ferns may be activated by heating them to 32° (DE Forgst- 
HEALD 1897). 

ARENS (1929a) reports that the previous cooling of the 
oospores of Plasmopara viticola, a phycomycete, to below 0° 
accelerates the subsequent development. 

Yet the best studied case of thermic activation is that of 
seeds, first demonstrated by L. Jusr (1877), who observed a 
favorable effect of heat (60°—70°) upon the subsequent ger- 
mination of many types of grains. Erpam (1883), CInsLAR (1883), 
vy. LIEBENBERG (1884) and others later observed that the germinat- 
ing power of various seeds is greatly increased by alternatively 
cooling and warming them. Krnzet (1911) noticed that certain 
grains, which could not germinate for years, did germinate very 
soon when they were subjected to the action of frost. It is now 
generally known that many seeds require a temporary lowering of 
temperature to be able to germinate subsequently, and in many 
other types of seeds such a treatment at least greatly favors 
germination. DoxRFEL (1930) found that the efficient agent is~ 
not the frost itself, but any temperature change of a sufficient 
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extent, and that the temperature does not even need to sink 
below 0°. There is now a vast bibliography on the subject 
(KinzeL 1911, Harrreton 1919, MuneRAtr 1920, Morriaca 1926, 
Lure 1927, Posarkova 1928, H. C. JosmpH 1929, BussE 1930, 
GASSNER 1930, Papapakis 1933, etc.). 


Likewise it is possible to bring about premature development 
in many plant bulbs, tubers, rhizomes, dormant buds and other 
agamic reproductive formations, by changes in temperature or 
by short exposures to extreme temperatures. Although this 
practice has long been known to growers, the first experiments 
in this field of investigation were performed by Pavuxie (1905), 
Howarp (1906), MoriscH (1908—9) and by InakLINow (1912). The 
literature on this subject has been reviewed by F. WEBER (1922) 
in whose article many details are to be found. Two points deserve 
special attention in this connection, viz. that activation may be 
produced not only by low or high temperatures, but by many 
other agents, both physical and chemical, and that the success 
of the experiment greatly depends on the time of the year. 

Vecis (1931, 1932) has recently investigated activation by 
heat of dormant buds of the Hydrocharis. He obtained activation 
by exposing the buds to 40°—55° for a period varying between 
15 seconds and 6 hours, according to the temperature applied. 
The temperature coefficient of the process is high (Q,) = 58; 
m = 22.5). 

It has often been noted that variations of temperature, which 
take place during development, stimulate growth. This was 
observed in certain insects by ABBE (1877, quoted from BoDINE 
1925) and by Boprye (1925), in molluscs by BacHRAcH and 
Carpor (1924). Karsrner (1895) assumed that such growth 
stimulation intervenes in the normal development of the chick. 
Likewise in plants SmBeRscHmtpT (1925) observed a reaction, 
which he calls “Thermowachstumreaktion”’, consisting in an 
acceleration of growth followed by a retardation, which takes 
place with any sudden change in temperature. 


10. Theories of stimulative effect of temperature 


The theoretical interpretation of the phenomena analyzed in 
this chapter obviously cannot be the same for those cases in 
wich stimulation is produced by extreme temperatures, as for 
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cases in which stimulation is caused by variations of biokinetic 
temperatures. 


The most popular explanation of the first category of pheno- 
mena is that the stimulative action of extreme temperatures is 
caused by an accumulation of abnormal metabolic products, 
owing to partial asphyxiation (BorEscH 1928, GarpNER 1929, 
HEE 1929), or to a partial releasing of cellular enzymes (IRAKLINOW 
1912, H. H. Meyer 1927). But it is very doubtful whether there 
is a sufficient accumulation of such supposed products in cases 
where the time of exposure is short (VEGTS 1931, 1932). J. Lous 
(1916) imagined that the protoplasmic surface-layer is destroyed 
by a sudden variation in temperature in a similar way as a glass 
plate bursts on sudden heating or cooling, whereas a slow tem- 
perature change of the same extent it not injurious. This idea 
however has not been generally accepted. 

Stimulation by heat seems to be based upon the same process 
as that which underlies the injury by heat, as far as can be judged 
from the high temperature coefficient of thermic parthenogenesis 
and of heat activation of plant buds. 

For the other category of phenomena, in which stimulation 
occurs by simply varying the temperature within the limits 
of the biokinetic scale, it seems that they must be considered as 
being identical, in their intimate mechanism, with the general 
process of excitation. 
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Acid content and t® 85, 127f., 159, 
185—6, 214 

Acids, rate of penetration, and t°® 32 
utilization, and t°85(see also pH) 

Action currents and t° 30, 34, 113f., 
144 ; 

Adaptation, see: adap- 
tation; Heat 
resistance; Thermal adaptation 

Additive compounds and t® 7 

Adhesiveness of protoplasm and 
COSI Os te 

Adrenaline and t® coef. of reactions 
30, 69 
action and t° 92 

Age and chilling 153—4 
and frost resistance 134—5 
and heat-injury 170, 201—2, 213 
and specific heat of tissues 6 
and susceptibility to t° 3 
and t° coefficient of reactions 34f., 

43—4, 51, 70 

Amoeboid movement, and t® 22, 41, 
43, 64, 89, 107, 146—7, 150, 166 

Ammonia, and heat-injury 191, 193 

Ammonium chloride and value of 
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Quo 27 
ARRHENIUS law 11, 16f., 22, 35, 
51f., 64, 74 


in action of heat 172 
Atropine, and t® coeff. 30 
Bacteria, density of culture and t° 
103 
freezing 119, 122, 128f. 


heat-injury and resistance 165, 
167, 170, 174, 178, 192—4, 199 


—200, 218 

killing by light, and t® 55 (see 
further: Thermophilic bac- 
teria) 


Bacteriophage and t° 165, 190 
BERTHELOT’s law 10f. 
Biokinetic zone 1f. 
Bioluminescence and t® 55, 89 
BLACKMAN-PUrTrTER’s principle 15, 
46f., 62 (see also: Limiting fac- 
tors) 
Blood cells, division 40 
osmotic resistance 112—3 
water content 77 (see further: 
Erythrocytes, Haemolysis, Leu- 
cocytes) 
Body size and t° 98f. 
Bone, specific heat 5 
Brain tissue, specific heat 6 
Bromine, rate of accumulation, and 
6° 33, 50 
Brownian movement and t® 105, 109, 
in heat-injury 183 
Caffeine, protoplasmic stratification 
by 109 
and t° coeff. 30, 44, 70 
Calcium and chilling 157, 194 
and heat-injury 194 
and Q, -value 27 
Catalase content, and t® 82, 218 
Catenary series of reactions 15, 46f., 
49f., 60 (see also: Limiting fac- 
tors) 
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Celerrimum 163—4 
Cell-sap and frost hardiness 120, 
132f. 
Cellular shape, and t° 66, 147, 179 
size, and t°® 94f., 179 
size, and frost resistance 119, 122 
Centrifuge method, criticism 1LO9f. 
Chemical modifications of proto- 
plasm with t° 76f., 127—8, 158 
—62, 185—6 
Chemical reactions and t® 10f., 24 
(see also: Enzymes and t?; 
Serological reactions) 
Chill-coma 138 f. 
Chilling 2, 137—62 
and adaptation 154—5, 161 
and age 153—4, 160 
cellular changes 109, 
150—1 
and freezing 127, 138, 147—8, 150 
and injury 156, 158 
irreversible, see: Death 
and narcotics 157 
of various organs and functions 
155—6 
and O, 157 
recovery 151—2, 156 
_and salts 157 
theories 158—162, 220 
time-factor 145, 149—52, 160 
and ultraviolet rays 158 
and urea 157 


146—9, 


and protoplasmic viscosity 146—7, 
160—2 
and water content 157—8, 161 
Chlorophyll content and t° coeffi- 
client 31 
content and thermoresistance 218 
formation and t® 84, 143, 155, 169 
Chloroplasts, chilling 147 
contraction and t® 225 
heat-injury 187, 189, 192 
volume and t° 97 
Chromatine volume and t° 97 
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Chromatophores and t® 89, 176, 179, 
224 

Chromosomes, action of heat 182—3 

Chronaxie and t® 40 

Ciliary movement, and t® 22, 137, 
139f., 149, 166, 186—7 

Classification of reactions by means 
of t° coeff. 49f. 

Cleavage and t® 40, 41, 58, 140, 153, 
184 

CO, production and t® 14, 30, 31, 
37, 44, 66, 143, 169 

Colloidal state and t® 2 

Concentration of reactants, and t° 
coefficient of reactions 72 

“Critical’’ temperature (CROZIER) 
48, 52f., 64, 216—7 

Crystallisation and t® 7, 130—1 

Cysts, resistance 121, 190—1 

Cytological equilibria and t® 94f. 

Cytolysis by heat 179f. 

Death, and t° coeff. of electric con- 
ductivity 44, 116 
by chilling 188, 

153—4, 158—9 
by freezing 123f. 
by heat, see: Heat injury 
possibility of supercooling after 

120, 136 

Density of organisms, and _heat- 
resistance 200—1 
affected by t® 103 

Development, rate and t® 11, 23, 
26—7, 34—6, 38—9, 41—2, 57, 
69, 141—2, 153—5, 157, 161, 164, 
188—9 (see also: Cleavage, 
Growth) 

Diffusion, of electrolytes, and t°® 61 
relation between its rate and Q, 

68, 71f. 
as limiting factor 46f., 59f. 
velocity and t°®, see: Temperature 

coefficient of diffusion 
velocity, and viscosity 61f., 71 


145—6, 150, 
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Dissociation of oxyhaemoglobin 75 
Dissolution and t° 46f., 63, 68 
Egg: of Ascaris, frost resistance 129 
heat injury 180, 199 
viscosity 105 
crustacea and t° 190—1, 227 
Cumingia, viseosity 107, 160, 183 
the frog, frost resistance 131 
Nereis and t® 106, 226 
Pomatoceros 181, 216 
Sabellaria, viscosity 106 
water content and t® 77 
heat injury 178, 180, 183 
sea - urchin, chilling 140, 146, 148 
chromatine content, and t® 97 
heat injury 167, 170, 172, 176, 
178—83, 188—9, 197, 199, 
206, 216 
phosphatids 81 
thermic parthenogenesis 226 
viscosity 107f. 
water content and t° 77f. 
killing by x-rays 55 
silkworm, thermic parthenogenesis 
226 
viscosity 106f., 184, 189 
starfish, and t® 170, 226 (see 
further: Cleavage, Development, 
Mitosis) 
EINSTEIN-SMOLUCHOWSKIS law 61f. 
Elastic tension, effect on t° coeffi- 
cient 34 
Elasticity of living matter, and t° 
111f. 
Electric conductivity of tissues and 
t° 38, 44, 85, 114f., 185 
Electric organs, and t° 114, 156 
Electric potentials and t° 113f., 170, 
176, 186—8, 223, 226 (see also: 
Action currents) 
Electrolytes, content and t° 84f. 
role in chilling 157 
role in heat resistance 193—6, 
209, 211—2, 216—7, 218 
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action upon t° coefficients 25, 
27f., 69 
rate of diffusion, and t® 61, 68 
Endothermic processes 74 
Energy utilization and t® 88 
Enzyme content and t® 82, 211 
destruction by heat 14f., 210—12 
reactions and equilibria 76 
optimum 210—11 
and t°, see: Temperature coef- 
ficient 
and viscosity 62 
Enzymes, thermaladaptation 218—9 
Equilibria of electrolytes, andt°84f. 
in metabolic processes, and t° 85f., 
159 
morphological, and t® 94f. 
moving, and heat-injury 213—5 
and t° action 13, 73f., 84, 159 
and viscosity 74, 162 
and tropisms 89 
vital, and t° 88f. 
Equilibrium number of individuals, 
and t° 103 
Erythrocytes, heat-injury 176, 180 
—1l, 192 (see also: Haemolysis) 
osmotic resistance 112f. 
Esson’s formula 24 
Excitability and t® 40, 168, 188, 
224—5 (see also: Chronaxie, 
Geotropism, Nerve, Nervous cen- 
ters, Phototropism,  Stimula- 
tion, Thermotropism) 
Excystation and t® 37—38 
Exothermic processes 73f. 
Eye-facet number, and t° 101 
Fatigue and t° coeff. 44 
Fats, effect of t° on their properties 
42, 70, 79f., 160—1 
role in chilling 160—1 
in heat-injury 180—1, 219—20 
in sex determination, and t° 102 
seasonal transformation 85f., 133, 
155 
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Fatty tissue, specific heat 5 
thermal conductivity 4 
_ Fermentation, alcoholic 11, 17, 29, 
169 
Fever, lipoids 181 
Freezing 117f. 
cellular changes 126f. 
chemical changes 127f. 
and chilling, see Chilling 
and rate of crystallisation 130—1 
and dessication 124 
reversibility 126—8 
and supercooling 132 
theories 123f. 
time factor 128f. 
Freezing point of living systems 118 
Frost resistance 118, 120f. 
adaptation 133f. 
and age 134—5 
and cell-sap concentration 119 
and chemical composition 86, 
132f. 
its development 133f. 
and fats 132f. 
limits 120f. 
and osmotic concentration 120, 
132—4 
and pH 133 
and proteins 132f. 
and salts 132f. 
of stomatal cells 135f. 
and sugars 132f. 
Gelatin, viscosity and t® 67 
Geotropism and t® 170 
Germination, rate, and t® 41, 42, 155 
induced by t° variations 220, 
227—9 
Glucose and t° coefficient 31 (see 
also: Sugars) 
Granulation by chilling 147 
by heat-injury 177—8, 181 
Growth and t°® 28, 65, 88, 98f., 
140f., 149, 151—2, 155, 169, 205, 
228 


Guanidine and t° coefficient of func- 
tions 30, 31, 44 
Haemoglobin and t® 75 
Haemolysis, and t® 47, 91f., 112f. 
by heat 170, 172, 176, 179—80, 
191, 195—8, 214, 216, 219 
Haemolytic resistance and t® 112f. 
Heart beat and t® 9, 10, 14, 17, 21, 
27, 28, 29, 30, 31, 33, 34—35, 39, 
41, 43—44, 49, 58f., 65, 69f., 
91f., 143—4, 149—51, 154—7, 
221, 224 
degree of contraction and t® 89 
heat-injury 167, 194, 203 
frost resistance 136 
Heat of activation 17, 52f. 
of reaction 73f. 
in swelling 79 
Heat-coma (rigor) 164, 167—8, 207, 
214 
Heat injury 3, 16, 163—220 
and asphyxiation 212—4 
coagulation of protoplasm 180, 
186—7, 195, 207f. 
and protein coagulation 207—11, 
214, 216, 219 
chemical changes 185—6 
similarity with action of cold 168 
electric conductivity 185 
electric potentials 186—7 
and enzyme content 211 
and moving equilibria 213—5 
and mechanical injury 198 
and intoxication 213—4 
and lipoids 214—7 
mitochondria 180, 215 
and mitosis 181—3 
nucleus 181, 187 
permeability 44, 71, 185, 187, 
212, 215 
and radiations 199—200, 210 
reversibility 3, 164, 168, 187—9, 
198, 206, 208, 212, 213 
sequence of changes 186—7 
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non-specificity 189—90 

structural changes 177—83, 186 
ST PANS CANS 

its t° coefficient 171—8, 190—1, 
216—7 

effect on t° coeff. 185—6 

theories 207—17 

time factor 163—4, 
186—7, 211, 217 

ultramicroscopical changes 178 

viscosity of protoplasm 183—5, 
189 

wave of death 204 

Heat resistance, and adaptation 
188, 198, 217—20 

and age 170, 201—2, 213 

and anoxybiosis 213 

and density of organisms 200—1 

and chemical agents 197—8, 217 

and enzymes 217—8 

and fertilization 189, 206 

and ions 193—6, 208—9, 211, 
217—8 

and lipoids 82, 214—5, 219—20 

and narcotics 196—7, 209—10, 
215—6 

of various organs and functions 
203—4 

and osmotic pressure 191, 198 
—9, 208 

and O, 198, 212—3 

and pH 191—8, 200, 209, 211 
E20. 214 

and nature of proteins 219 

and Q-value 177 

sexual differences 202 

variability 164, 170—1 

and water content 190—1, 208, 
217 


168—77, 


Heterogeneous systems 59, 60f. 
Hibernation and phosphatids 155 


and water content 78 
and biological t® zero 155 


Homoiotherms, nature of fats 79f., 


frost resistance of tissues 123, 
129—30 

Hormones, action, and t° 90f. 

Hydrolyses, heat of reaction 76 

Hydrophilic colloids and frost re- 
sistance 120, 134 

Ice formation in living bodies 118 
and the cell 119f. 

Identification of reactions by means 
of t° coeff. 50f. 

Imbibition and t® 76f. 

Injury, effect on chilling 156 
effect on heat resistance 198 
effect on t® coeff. of functions 42, 71 

Intestine, movements, and t® 40 

Iodine number, and t° 79f. 

KCl, effect on temperature coef- 
ficient 27 
and thermoresistant mutants 218 

KCN, rate of killing by 39 

Lactacidogen content and t° 87 

Leucocytes and t° 89, 139, 147, 166, 
176, 181, 203, 217, 218 (see 
further: Amoeboid movement, 
Phagocytosis) 

Life duration and t° 38—9 

Ligaments, thermal dilation 111f. 

Light, combined with heat 199—200 
effect on t° coefficients 33f., 70 

Limiting factors 15, 19, 48f., 52f., 
56 (see also: BLACKMAN-PUTTER’S 
principle; Catenary series of reac- 
tions; Diffusion; Viscosity) 

Lipocytic coefficient and t°® 79 

Locomotion and t° 10, 22, 39, 41, 
43, 150—2, 154, 156 (see also: 
Amoeboid movement; Ciliary mo- 
vement; Muscle) 

Malignant tissue and t° 166, 176, 204 

Master processes, see: Limiting 
factors 

Matter and temperature If. 

Maximum t°, meaning 163f. 
table 164f. 
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Mechanical properties of living 
matter, and t® 111f. 
Melting point, see: Fats, Phospha- 
tids 
Metabolic gradients 40, 156 
rate and t° 36f., 142—3, 225 
(see also: Oxygen consump- 
tion; CO, production) 
Metamorphosis, and t° 90 
variation of t° coeff. 35 
Methylene blue, permeability 44 
reduction and t° 33 
Minimum t° 138, 146 
Mitochondria and heat injury 180 
Mitosis and t°® 40f., 70, 140, 148, 
165—6 
and heat-injury 181—8, 189 
Molecular state and t° 2 
Muscle, chilling 120, 143, 149, 159—60 
contractility, and t® 89 
elasticity, and t® 112 
electricity, and t° 113f. 
energy utilization, and t® 88 
excitability, and t® 40, 58 
freezing 127f., 131 
freezing-point 118 
reversibility of freezing 126 
heat-injury 176, 185, 193—4, 203, 
207, 216 
length at various t® 111 
respiration and t® 12 
specific heat 5 
supercooling 119, 123, 126 
thermal conductivity 3, 4 
variation of water content 77 
Mutations by cold 148 
by heat 148, 182—3 
thermophilic 218 
Narcotics, their action, and t°® 90f. 
and chilling 157 
and heat destruction of enzymes 
212 
and heat-injury 196 
215—6 


7, 209—10, 
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and stimulation by t° 223, 225 
and t° coeff. of reactions 29, 69, 
197, 210 
Nerve, chilling 144—5, 151, 161 
heat-injury, and resistance 166, 
176, 187, 203, 218 
rate of conduction, and t® 9, 17, 
20, 24, 29, 49, 57, 62, 144—5, 
160—1 
electricity, and t® 113f. 
stimulation by t® 225 
supercooling 119 
Nervous centers and t® 144—5, 146, 
155—6, 168 
elements, frost resistance 136 
heat injury 168 
NewrTon’s law 3 
Nitrogen assimilation, and t° 87f. 
Nucleolus and t° 95f. 
Nucleus, chilling 147—8 
freezing 127 
heat-injury 181—3, 187 
size and t° 94f. 
Nucleo-plasmic ratio, and t° 94f. 
Oesophagus, contraction and t° 169, 
202 
Optimum concentration of salts and 
t° 86f. 
pH and heat-injury 192—3 
Optimum t° for chemical reactions 
210—11 
for crystallisation 131 
for enzymes 210—11 
for vital reactions 3, 105, 163 
—4, 169, 193—4, 210f. 
Oscillaria, frost resistance 119 
movement and t° 33 
Osmotic pressure, and t°action 46, 199 
resistance and t°® 112f. 
Ovaries, degeneration by heat 102, 
205—6 
Oxidations, equilibria and t® 76 
temperature characteristics of, 
52f. 
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O,, action on t° coeff. 31 

O,, and heat-injury 198, 212—4 

O,-consumption and t® 10, 12, 13, 
20, 27, 30, 31, 37—8, 44, 49, 142, 
170, 203, 225 

Parthenogenesis by t° change 226 
—7, 229 

Pentosanes and frost hardiness 120, 
134 

“Permanent modifications”? by heat 
183 

Permeability and t° 31f., 34, 44, 
49—50, 63, 70, 71, 116, 143, 147, 
159—62 
and heat-injury 185—7, 212, 215, 

217 

and viscosity of protoplasm 61, 161 

PERRIN’s law 55f. 

pH of cell-sap, variation with t® 85 

pH and t° coefficients 25f., 28, 
32, 193 
and frost resistance 133 
and heat-injury 191—3, 209, 


211—2 
and heat destruction of enzymes 
211—2 


and protein coagulation 209—10 
Phagocytosis and t° 89 
Phosphatids, role in heat-injury 

180—1, 214—5, 219—20 

role in chilling 155, 160—1 

effect of t® on their properties 42, 

70, 79f., 155, 219 

rate of ecdysis, and t® 34 
Photochemical reactions, see: Tem- 

perature coefficient 
Phosphorus, lipoidic, and t® 81f. 
Photosynthesis and t® 10, 31, 55—6, 

142, 149, 152, 163, 167, 169, 187, 

203, 225 
Phototropism and t® 88, 144 
Pigment, retinal, bleeching 55 
Pigments, formation by t° varia- 

tions 82f., 143, 190 
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reversible change in colour 84 
Plasmolysis, shape, and t® 110, 111, 
183—4 
Poisons and t° 32, 39, 90f., 157, 194. 
Polyploidy by cold 148 
by heat 148, 182—3, 189 
Population density, and t® 103 
Protein content, and t® 86 
Proteins, freezing 125, 127, 128 
heat coagulation 207—11, 214 
reversibility 208 
and electrolytes 208—9 
and pH 209 
t° coefficient 208 
and water content 208 
and radiations 210 
and thermoresistance 219 
properties and t° 88 
Protozoa, chilling 137, 
146—52 
enzyme content and t° 82 
freezing 126 
frost resistance 121f. 
anomalous frost resistance 130f. 
heat effect 165—7, 172, 175, 178 
—94, 186—96, 199—200, 213, 
216—7, 217—8, 227 
killing by light, and t° 55f. 
thermotropism 225 
Pulsating vacuole, and t® 29, 151—2 
Pulsation frequency in Medusae 9, 
49, 144, 224 
Gp Ite 
Qio. inconstancy with t° 12f., 172 
of protoplasmic viscosity 105—6 
of heat-injury 171—2, 177, 191, 
193, 210 
and. yu, relationship 17f., 52f. 
Qio-rule 10f., 49f. 
Quantum theory 57 
Radiations, combined 
199—200 
modification of t° coefficients by 
Soils 


139—41, 


with heat 
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thermal effect of 5 
Rate of biological processes, see: 
Temperature coefficients; Cate- 
nary series of reactions; Limiting 
factors; BLACKMAN-PUTTER’s prin- 
ciple 
of chemical reactions, and visco- 
sity 61f. 
and diffusion velocity 60f. 
(see further: Chemical reac- 
tions; Temperature coefficients) 
of temperature change 3—4, 131, 
152, 188, 220f. 
Recovery after chilling 151—2, 156 
freezing 118 
heat-injury 164, 168, 187—9 
Regional differences in t® coefficients 
Shien (il 
Reproduction, 
226—9 
Respiration and t°® 11 (see also: 
O,-consumption; CO,-production) 
Respiratory movements and t° 17, 
31, 51 156 
quotient and t°® 87f. 


stimulated by t° 


Salts, optimum concentration, and 
t® 86f. 
Saponins, action and t° 92, 214 
SCHULTZ’s reaction 83f. 
Seasonal variation, chemical, see: 
Fats, Starch, Sugar 
morphological 98 f. 
of t° coeff. 34, 43 
Seeds, frost resistance 120, 121 f. 
heat-injury 170, 172—4, 190—1 
activation by t® variations 221, 
227—9 
Sensitisers, modification of Qi) by, 54 
Serological reactions 17 
Sex chromosome, and t® 103 
Sex determination and t°® 10If. 
Sexual activity and t° 155, 205—6 
differences in response to t® 38f. 
71, 99, 101, 202, 205—6 
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glands, heat-resistance 205—6 
Sexuality and t® 101f. 
Skin, electric phenomena, and t® 
113f., 170, 176, 186—8, 226 
SKRABAL’s theory 57f. 
Slime-molds, viscosity 107f., 183 
Solubility and t°® 7, 13 
Specific heat of tissues 5f. 
Spermatozoids and t® 123, 166, 176, 
197, 200, 206 
Spores, frost resistance 120, 121f. 
heat resistance 171—2, 174, 177, 
188, 190, 192, 194, 199—200 
stimulation by t° 224, 226—7 
Starch, seasonal transformations 
85f., 132 
swelling and t® 208 
Sterols, in heat-injury 181 
Stimulation by temperature varia- 
tions 3, 220—9 
electric phenomena 223, 226 
in metabolism 225 
morphological changes 224—5 
and narcosis 223, 225 
in nerves 225 
in reproductory processes 227—8 
and protoplasmic streaming 221 
ey 

theories 228—9 

time factor 222—3 

and cellular. variability 223—4, 
226 

Stirring, effect on t® coeff. ofreactions 
47f. 

Streaming of protoplasm and t° 14, 
64, 107, 139, 149, 152, 157, 166, 
178, 196, 221—2 

Strychnine and t° coefficient 30 

Sugar, réle in chilling 155 
seasonal transformation 85f. 

Sugars and t° coefficients of reac- 
tions 29 

Sulphates and Q,, 27, 28 

Sunstroke, lipoids 181 
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Supercooling 3, 117f. 
and capillarity 119 
and crystallisation 130 
death by 125 
and dry surfaces 119 
and bound water 120 
and shocks 120 
Surface-layer, freezing 124 
heat-injury 185—7, 189 
Swelling and t° 76f. 
Temperature, general outline of ac- 
tion 2f. 
true of the organism 4f., 109 
absolute scale 1, 18f. 
stimulative effect 221—9 
characteristic (4), see ARRHENIUS 
law 
Temperature coefficients of biological 
reactions 2, 7f. (see also: Tempe- 
rature formulae; Chemical reac- 
tions) theories of 45f. 
classification of reactions 49f. 
variation with temperature 12f., 
L7t.5 22, 53. 
with external and internal condi- 
tions 25—6f., 53 
with water content 26f., 69 
with electrolytes 27f., 69 
with alkalis and acids 28 
with CO, content 28 
with chemical nature of sub- 
stances 29f., 69 
due to narcotics 29, 69 
with concentration 
stances 31f. 
with O, content 31 
with due to light 33f., 70 
individual variations 51, 53, 71 
seasonal variations 34, 43 
variation with age 34f., 43f., 
with 51, 70 
with sex 38f., 71 
with region of organ 39f., 71 
with mitotic phases 40f., 70 


of ‘sub- 
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with thermaladaptation 41 f., 70 
with injury and eath 42f., 71 
with injury by heat 44, 71, 185 
with injury fatigue 44 
as indicators of protoplasmic 
viscosity 66f., 185 
Temperature coefficients, chemical 
reactions l10f., 24, 45f., 208 (see 
also: Enzymatic reactions) 
theory of 45f. 
variation with t® 12f., 19f. 
with nature of solvent 25 
due to electrolytes 25, 26 
with concentration 25 
with pH 25, 26 
with the rate itself 57f. 
Temperature coefficient of diffusion 
velocity 26, 49 
variation with the rate of dif- 
fusion 26, 68f., 71f. 
independence of the 
tration 72 
Temperature coefficient of dilatation 
LI 
of electric conductivity 115 
of electric phenomena 113f. 
of enzyme reactions 13, 14, 19, 
25—6, 31, 53, 54 
of enzyme destruction 211—2 
of heat-injury 171—7, 191, 193 
and narcotics 197, 209—10 
and pH 193 
and salts 195—6 
and water content 177, 191 
and fertilization 206 
and variability 203 
of photochemical reactions 34, 
54f., 57 
variation with wave-length 54f. 
with intensity of light 55 
due to sensitisers 54 
of protein coagulation 208—10 
as function of biological t® zero 
160—1 


concen- 


18* 
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of reaction velocity 57f. 
of diffusion velocity 68, 71f. 
of viscosity 50, 66f., 160, 185 
of thermal parthenogenesis 226, 
229 
of protoplasmic viscosity 57, 62, 
66f., LO5f. 
of stimulation by t® 223 
Temperature equilibrium, rate of 
establishment 4, 65f. 
Temperature formula (see also: 
ARRHENIUS law; BERTHELOT’S 
law; Qyo-rule; Newrton’s law; 
Thermalsummation; Temperature 
oefficients) 
for heat-injury 170, 177 
for chilling 152 
in general 7f. 
empirical value of 8, 12 
rational 8 
linear relationship 9f., 23 
BELEHRADEK’s 19f., 172 
JANIsScH’s 15f., 23, 173 
exponential, Qo; ARRHE- 
Nius law 
corrected exponential 15f. 
PoropKo’s 24, 172—7, 226 
Esson’s 24 
Iusin’s for water content 77 
for freezing 131 
Temperature limits of life 1f. 
of matter If. 
Temperature zero, biological 9, 21, 
43, 137, 138—45, 154—6 
and t° coefficients 160—1 
Testes, heat degeneration 205—6 
Thawing, cause of death 123f. 
Thermal adaptation, mechanism 34, 
41f., 70, 82 155, 198, 217—20 
and value of t° coefficients 41f., 
70, 161, 219—20 
and chilling 161 
and heat-injury 
217—20 


see: 


188—9, 198, 


SUBJECT INDEX 


Thermal coefficient of dilatation 
HT bei 
conductivity 3—4 
increment (j), see: ARRHENIUS 
law 
summation 8f., 10, 23 
Thermophilic algae 218 
bacteria 140, 157, 165 
organisms, maxima 165 
mutants 146, 218 
Thermotropism 220, 225 
Threshold temperature, see: Tempe- 
rature zero 
Time factor in biokinetic tempera- 
tures 64f. : 
in chilling 65, 145, 149—52, 160 
in recovery after chilling 65, 
151—2, 156 
in freezing 128f. 
in frost resistance 133f. 
in action of heat 163—4, 168 
—17, 186—7, 211, 217 
in recovery after heating 188—9 
in stimulation by t° 222—3, 226, 228 
in viscosity of protoplasm 64f. 
Tyramine, and t° coefficient 30 
Ultraviolet light, modification of 
Qio by 33f. 
rays, combined with t°® 23, 33f., 
55f., 158, 199—200, 210 
Urea, and chilling 157 
Vacuoles, number and t® 98 
Vacuolisation by chilling 147 
by freezing 127 
by heat-injury 178 
Van’ Horr’s law, see Q,; of mov- 
ing equilibria 74 
Variability, cellular, in t® action 
164, 170—1, 203—4, 223, 226 
Viscosity and chemical equilibria 74, 
162 
in relation to its t° coefficient 66f. 
and diffusion velocity 61f., 71, 104 
itS Qio 50, 62f., 67 
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of organic liquids, and t°® 106, 184 
of protoplasm (see also: Tempe- 
rature coefficient) 57, 104f. 
of protoplasm, and t® 63f., 65f., 
104f. 
as limiting factor of reaction 
velocity 60f. 
and permeability 61 
and diffusion 61, 62f. 
maximum near 15° 107f. 
time-factor 65f., 110f. 
indicated by t° coefficients of 
reactions 66f., 105 
in chilling 146—7, 160—2 
in heat-injury 183—5, 189 
Visual process and t° 55 
Vital staining and t° 32, 50, 63, 92f., 
184—5 
Volume, cellular, changes with t° 
DE eOak. 
Water content, action upon specific 


heatand thermal conductivity 4, 6 
influenced by t° 76f., 108, 219 
and frost-resistance 120, 121f. 
change by chilling 159 
role in chilling 157—8, 161 
and heat-resistance 190—1, 217 
—9 
and Q,) of heat injury 177, 185 
—6, 191 
and value of t° coefficients 26f., 
69, 177 
discharge on cooling 78 
(see further: Permeability) 
Wave-length, and magnitude of Q,, 
54f. 
X-rays combined with t® 55f., 199 
Yeast, toxicity of alcohol, and t° 90 
heat-injury 169—70, 179, 190 
killing by light, and t° 55 
RQ and t° 87 
(see further: Fermentation) 
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herausgegeben von 
R. Chambers (New York), E. Fauré-Fremiet (Paris), H. Freundlich 
(London), E. Kiister (GieBen), F.E.Lloyd (Montreal), H. Schade (Kiel), 
W. Seifriz (Philadelphia), J. Spek (Heidelberg), W. Stiles (Birmingham) 
Redigiert von F. Weber (Graz) 


Band I: The Colloid Chemistry of Protoplasm by L. V. Heilbrunn (Uni- 


versity of Michigan). Mit 15.zum Teil farbigen Abbildungen. (VII u. 356 8S.) 
1928 Gebunden 21.— RM 


Il: Hydrogen-ion Concentration in Plant Cells and Tissues. By 
J. Small (University of Belfast). Mit 28 Abb. (XII u. 4218.) 1929 
Gebunden 30.— RM 


III: Pathologie der Pflanzenzelle. Teil 1: Pathologie des Protoplasmas 
von E, Kiister (Universitat GieBen). Mit 36 Textabbildungen. (VIII u. 
200 S.) 1929 Gebunden 15.— RM 


IV: Chemie des Protoplasmas von Alexander Kiesel (Universitit Moskau). 
Mit 1 Textabbildung. (VIII u. 3028.) 1930 Gebunden 20.— RM 


V: La physicochimie de la sexualité par Ph. Joyet-Lavergne (Paris). 
Mit 12 Textabbildungen. (XI u. 4578.) 1931 Gebunden 32.— RM 


VI: The mammalian red cell and the properties of haemolyticsystems 
by Eric Ponder (New York). Mit52 Abb. (XT u.3118.) 1934. Geb. 22.50 RM 


» VII: Pathologie der Mitose von Georg Politzer (Wien). Mit 113 Abb. 


(VIL u. 2388.) 1934 Gebunden 16.20 RM 


In Vorbereitung sind folgende Bande: 


Permeability by S.C. and M. M. Brooks (University of California) 

Die kontraktile Zelle der Pflanzen von Silvia Colla (R. Universita Torino) 

Electrostatics of Protoplasm by J. Gicklhorn (Prag), translated by J. Small 
and C. T. Ingold 

Pathologie der Pflanzenzelle. Teil II: Pathologie der Plastiden von E. Kiister 
(GieBen) 

Movement and Response in Amoeboid Organism by 8S. O. Mast (Johns Hopkins 
University, Baltimore) 

Mechanismus der Enzymwirkung von F. F. Nord (Physiolog. Institut Tierarztl. 
Hochschule Berlin) 

Die Muskelzelle von A. Pischinger (Universitat Graz) 

Elektrische Umladungen in Protoplasten von H. Pfeiffer (Bremen) 

Biological Radiation by Otto Rahn and Barnes (Cornell University, Ithaca) 

Physikalische Chemie der Reifung und Befruchtung von J. Runnstrom (Uni- 
versitaét Stockholm) 

The Structure of Protoplasm by W. Seifriz (University of Pennsylvania) 

Die Doppelbrechung von Karyoplasma, Protoplasma und Metaplasma yon W. J. 
Schmidt (Universitat GieBen) 

Okologie der Pflanzenzelle yon VI. Ulehla (Masaryk Universitat Brno) 

Osmotische ZustandsgréBen von A. Ursprung (Universitat Freiburg [Schweiz]) 
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GrundrifB der Cytologie von Dr. L. Geitler, Privatdozenten an der 
Universitit Wien. Mit 209 Textabbildungen (VIII u. 2958.) 1934 
Gebunden 21.— RM 


Das Werl: ist ein erstmaliger kurxgefaBter Abrif der allgemeinen Zellenlehre 
unter gleicher Beriicksichtigung pflanxlicher und tierischer Verhdltnisse und 
Betonung der genetischen Richtung. Es ist in erster Linie fiir Studierende 
der Biologie gedacht, soll aber auch dem Gebiet fernerstehenden Fachgelehrten 
und Lehrern xur Orientierung dienen. Die Beigabe von rund ein Drittel der 
Gesamtxahl ausmachenden Originalabbildungen, manche neuen Beobachtungen 
and neuartige Zusammenfassungen alter Tatbestiinde machen die Darstellung 
auch fiir den engeren Kreis der Cytologen und Genetiker lesenswert. 


Einfiihrung in die Vererbungslehre von Prof. Dr. E. Baurt. 
7.—11. vollig umgearbeitete Auflage. Mit 192 Textabbildungen 
und 7 Tafeln. (VIII u. 4788.) 1930. Gebunden 20.— RM 


Kein Lehrbuch dieser jungen Wissenschaft, die sich innerhalb weniger Jahr- 
xehnte in wungeahnter Weise entwickelt hat, fand solche Verbreitung wie die 
Baursche Einftihrung, Sett liingerer Zett vergriffen, egt nunmehr die 7.—11. 
ganxlich umgearbeitete Auflage vor. Auch in dieser neuen Gestalt wird sich die 
Einfiihrung neue Freunde xu den alten erwerben. 


Grundri8 der Entwicklungsmechanik yon Prof. Dr. Bernhard 
Diirken. Mit 120 Abbildungen. (VII u. 2088.) 1929 
Gebunden 12.50 RM 


Bilder aus der Geschichte der biologischen Grundprobleme 
von Prof. Dr.W.von Buddenbrock. Mit 8 Bildnistafeln. (VIII u.158 S. 
1930 Gebunden 8.75 RM 


Allgemeine Abstammungslehre. Zugieich eine gemeinverstind. 
liche Kritik des Darwinismus und des Lamarckismus von Professo1 
Dr. Bernhard Diirken. Zweite Auflage. Mit 38 Textabbildungen ir 
71 Einzeldarstellungen. (2058.) 1924 Gebunden 4.50 RM 
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